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ABSTRACT
Two systems were evaluated using the principles of the galvanic stripping process.
One of them, the removal of Pb+2 ions from di-2(ethylhexyl) phosphoric acid (D2EHPA)
was performed using metallic zinc. The other, the removal of Fe+3 ions from D2EHPA
used metallic iron as reductant and was performed simultaneously with the organic phase
using a slightly acidic aqueous solution of hydrochloric acid. In addition, the dissolution
of metallic zinc, iron, lead, and cadmium in D2EHPA was studied in order to better
understand the anodic step in the mechanism of the galvanic stripping process.
Increased temperature was found to dramatically improve the galvanic stripping of
Pb+2 and Fe+3 ions, while agitation was found to have a negligible effect. The calculated
activation energies indicate that it is a chemically-controlled process. Conversely,
agitation strongly influenced the dissolution of Zn, Fe and Pb metals while temperature
was less of a factor, suggesting that dissolution is governed by a diffusion-controlled
process. An optimum amount of oxygen was necessary to initiate the dissolution of the
metals. No dissolution was accomplished when oxygen was removed by nitrogen
sparging or when oxygen was present in excess. Also the dissolution of metals occurred
only when a certain amount of water was present in the organic and the other variables
became significant only if this moisture condition was satisfied. However, each metal had
a different response to the critical amount of water required to maximize the reaction.
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R E M O V A L O F F e (m ) FROM DI-(2-ETHYLHEXYL) PH O SPH O RIC ACID
USING M ETALLIC IRON

LUIS M. CHIA and THOMAS J. O’KEEFE
Department of Metallurgical Engineering
University of Missouri-Rolla
Rolla. MO 65401 (USA')

ABSTRACT

Galvanic stripping of ferric iron from di-(2-ethylhexyl) phosphoric acid using iron
powder was investigated. The Fe(III) is reduced to Fe(II) in the organic which is readily
stripped into the aqueous phase contacted simultaneously. Results indicated that the
process is technically feasible and very efficient even at Fe(III) concentrations of 5 g/1
in the organic phase. Sparging oxygen gas into the mixed aqueous and organic phases
prior to reacting was deleterious to the removal of iron ions. An inert environment must
be provided during processing to prevent reoxidation of Fe(II) to Fe(III). Factors such
as aqueous/organic ratio, pH of the aqueous strip solution, iron surface area, pH of the
initial Fe(III)-containing aqueous solution, temperature and diluent were examined. The
activation energy for this process was found to be 15 kcal/mole, indicating a chemicallycontrolled mechanism.
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INTRODUCTION

The removal of Fe(III) from acidic solutions represents a major problem in many
hydrometallurgical operations. One very effective method to minimize this problem is the
use of solvent extraction techniques [1,2,3] where a high degree of selectivity and
separation is attained. However, if any of the Fe(III) does load into the organic it can be
very stable and difficult to remove by chemical stripping into the aqueous phase. For
example, D2EHPA is known to be an excellent extractant for Fe(III) [4] but stripping
requires a very strong acid, often in the range of 4N or greater.
Numerous studies have been made on the removal of Fe(III) from process streams using
solvent extraction techniques. Ritcey [5] published an extensive review of the various
options which included removal prior to solvent extraction by either oxidation
precipitation [6] or reduction of ferric to ferrous iron to prevent loading[7], control of
the oxidation of [Fe(II)] during processing [8], selective metal stripping [8], use of mixed
extractant systems [9] or other means of eliminating the unwanted impurity.
A new galvanic stripping scheme has been developed [16] which could complement
existing procedures employed in solvent extraction (SX) technology, particularly where
stripping is difficult. Fundamentally, the procedure is based on the use of a solid metal
to electrochemically reduce the oxidation state of the impurity ions in the organic solvent,
allowing their direct removal. The system described here will involve the use of metallic
iron to reduce ferric to ferrous ions contained in di-(2-ethylhexyl) phosphoric acid. The
stability of the ferrous ion is considerably lower, making transfer to the aqueous phase
much easier.
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Although any number of metals might be successfully employed for this application
[16], there would be several obvious reasons for using iron. In addition to possible
economic advantages, the purity of the system would be maintained, making recovery
of a purer iron product a distinct possibility.

EXPERIMENTAL

The di-(2-ethylhexyl) phosphoric acid (D2EHPA) used in this investigation was
provided by Albright & Wilson. The molecular composition was 95% di-(2-ethylhexyl)
phosphoric acid, 1.5% of mono-(2-ethylhexyl) phosphoric acid, 0.01% water and a 9.8%
phosphorus content. The Fisher kerosene diluent analyzed 46% paraffins, 37%
naphthenes and 17% of aromatics. Ferric sulphate pearls, Fe2(S04)3.xH20 , were used to
prepare the initial Fe+3 aqueous solutions, and other chemicals were reagent grade.
In the extraction stage, the organic solution of 10 V% D2EHPA in Fisher kerosene was
contacted with an aqueous solution of Fe2(S04)3.xH20 of approximately 5 g/1 at pH 2.0.
Only one stage was used and no adjustment of the pH was made to avoid possible
interferences. The A/O ratio was 1/1 and the mixture was magnetically agitated for 30
minutes with about 3 to 4 g/1 iron being loaded into the organic.
Generally, the galvanic stripping experiments were performed using 0.1 g of iron
powder, 10 ml of 10 V% D2EHPA in Fisher kerosene loaded with Fe(III) mixed with
20 ml of an aqueous solution containing 5 g/1 HC1 for stripping. The experiments were
carried out in 100 ml volumetric flasks and agitated in a 10 speed Burrel shaker. The
aqueous to organic ratio was 2 to 1 (A/O=2/1) and nitrogen was sparged into the liquids
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for 6 minutes prior to introducing the iron powder. Each flask was capped to maintain
the inert environment and prevent re-oxidation of any ferrous iron formed. After the
experiment, the solution was filtered and the organic and aqueous phases were separated
for analysis. The majority of the chemical analyses were made by X-ray fluorescence and
pH values of the aqueous solutions were also measured. To maintain a constant
temperature, the volumetric flasks were immersed in a water bath at the desired
temperature.
The experimental method described is termed "simultaneous stripping" to contrast it
with a "separate stripping" technique. Simultaneous stripping involved mixing the
aqueous and organic phases together with the iron powder. In separate stripping the
reduction in the organic phase is carried out first and then it is contacted with the
aqueous stripping phase in the absence of iron metal. Although both could be used
successfully for iron removal, simultaneous stripping was much faster and more effective
[16].
The variables evaluated in the study included:
Effect o f acid concentration o f the aqueous phase
In these experiments 10 ml of 10 V% D2EHPA in Fisher kerosene loaded with
approximately 3 g/1 Fe(III) at pH 1.8 were contacted with 20 ml of an acidic solution of
either 2.5, 5.0, 7.5, 10, 15 and 20 g/1 HC1. In addition, conventional HC1 stripping of
Fe(III) ions (no iron powder or nitrogen sparging used) was performed at each acid
concentration for comparison. All the experiments were conducted for 1 hour.
Effect o f nitrogen
Nitrogen was sparged through the solutions prior to reacting for 0, 1, 2, 4 or 6
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minutes. Twenty ml of 5 g/1 HC1 solution was used for the simultaneous stripping. All
the other conditions were maintained as in part a.
Effect o f aqueousI organic ratio
The aqueous/organic ratio was investigated to determine its effect on the galvanic
stripping of Fe(III). The solid iron, aqueous and organic phases were agitated for 1 hour
at different aqueous/organic ratios.
Effect o f pH o f loading
Initial aqueous solutions of approximately 5 g/1 Fe(III) were adjusted to different pH
values (1.80, 1.25, 0.80, 0.29 and -0.13) for loading into 10 V% D2EHPA in Fisher
kerosene. After 20 minutes of contact, the Fe(III)-containing organic phases were
evaluated to see the effect of the initial loading pH on the percentage of Fe(III)
galvanically stripped.
Effect o f the diluent
The effect of the diluent was evaluated using two different sources of kerosene which
are identified as I and II. The tests were performed at the general conditions established
previously.
Effect o f surface area
The effect of metal surface area was evaluated using different amounts of iron powder.
The surface area was calculated from the size distribution of the iron powder, assuming
a spherical shape. As with the other experiments, 10 ml of 10 V% D2EHPA in Fisher
kerosene loaded with 3.1 g/1 Fe(HI), 20 ml of aqueous with 5 g/1 HC1, and pre-sparging
for 6 minutes with nitrogen were used. The test duration was 1 hour.
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Effect o f higher initial concentration o f Fe(III) in the organic
Approximately 5 g/1 Fe(III) was loaded into 10 V % D2EHPA to evaluate the effect of
higher initial ion content on galvanic stripping. In these experiments the aqueous/organic
ratios were 2/1 and 3/1 and the concentration of solid iron in the organic phase was 10
or 20 g/1.
Effect o f agitation and temperature
Three different shaker speeds were used to evaluate the effect of solution agitation on
the galvanic stripping of Fe(III). The A/O ratio was 2/1, with 10 g/1 of Fe used and
nitrogen was sparged prior to all tests at room temperature. Experiments were performed
at 15, 25 and 35 °C using the same other conditions.
Experimental Design
In these experiments the four factors chosen together with their high-low levels were:
(1) D2EHPA concentration (V%) 5 and 20, (2) Temperature (°C) 15° and 35°, (3)
Surface Area (cm2) 5.9 and 17.7 and (4) Relative Shaker speed (agitation) 2 and 9. The
responses chosen for the analysis were the percentage of Fe(III) removed and the g of
Fe(III) reduced/g metallic Fe° dissolved. Using these four factors, an eight-run design
with three center points was selected.

RESULTS AND DISCUSSION

Simultaneous galvanic stripping, using metallic iron, an aqueous solution of 5 g/1 HC1
and an organic solution of 10 V% D2EHPA loaded with Fe(III) ions, was used for most
o f the experiments. The main response variables determined were the percentage of
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Fe(III) stripped from the organic phase and the amount of solid iron used.

1. a. Effect o f acid concentration o f the aqueous phase

It is seen from Figure 1 that the presence of a slightly acidic aqueous solution in the
Fe(III) galvanic stripping is necessary to initiate the process and allow transfer between
the phases. Also, a low HC1 concentration (2.5 g/1) caused a sharp increase in the Fe(III)
removal to a value of about 40%. Then, further additions of HC1 had a smaller effect on
the percentage of iron stripped.
When conventional HC1 stripping was performed at every concentration, only 15% of
the Fe(III) initially present could be stripped when 20 g/1 of HC1 in the aqueous phase
was used. Shibata et. al. [10] also reported that around 30% Fe(III) was stripped from
30 V% D2EHPA of a initial Fe(III) concentration of 5 g/1 using more than 100 g/1 of
HC1. These results show that it is very difficult to remove Fe(III) ions using conventional
stripping with HC1 but reducing the ions to Fe(II) directly in the organic greatly
facilitates their removal.

b. Effect o f nitrogen

The results in Table 1 show that the process is extremely sensitive to the oxygen
dissolved in the liquid phases, but six minutes of nitrogen sparging prior to the tests
appeared to provide a satisfactory environment.
Assuming a straightforward electrochemical reaction the following simple reaction was
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used to determine the efficiency of the process.
2 Fe+3

+

Fe°

=

3 F e+2

(1)

Theoretically, 1 g of solid iron should reduce 2 g of Fe(III) from the organic. When no
nitrogen was sparged the iron metal consumption reached about thirty times the
stoichiometric amount. On the other hand, the use of nitrogen improved the efficiency
to around five times that of theoretical as it is shown in Table 1. The high metal
consumption is probably due not only to the presence of oxygen gas which acts as a
cathodic depolarizer, but also to the direct dissolution of iron in the aqueous phase.

c. Effect o f aqueous/organic ratio

According to the results shown in Table 2 the percentage of Fe(III) stripped does
depend on the aqueous/organic ratio, and is maximized when this ratio exceeds two. An
increase in the aqueous/organic value will increase the H+ ions necessary to maintain the
pH at a suitable level for stripping the Fe(II) ions.
The results in Table 2 also indicated that the presence of nitrogen significantly reduced
the iron metal consumption compared with the values when no nitrogen was sparged. An
aqueous/organic ratio of 2.0 appeared to be the best for the Fe(III) galvanic stripping
process. Although only 2 times the stoichiometric amount of iron metal was required at
an A /0 = 2 , this value is felt to be too high and should be decreased for a reasonably
efficient process.
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d. Effect o f pH o f loading

As shown in Figure 2 the percentage of Fe(III) extraction increases from 55% to 100%
as the pH of loading increased from -0.2 to 1.8. This has also been observed by others
investigators [2,11,12]. At high pH values such as 1.8 the aqueous phase is said to
contain a high concentration of hydroxy-ferric ions, while at lower pH values, such as
0.44, the iron in the aqueous phase was mainly present as Fe(H20 )6+3. Thus, it has been
concluded that the types of complex ions extracted into the organic phase were dependent
on the pH of the aqueous phase. Ease of reduction also seems to be influenced by the
nature of the iron complex present in the organic, as seen in Figure 3.
Yu and Chen [2] reported that conventional H2S 0 4 stripping of D2EHPA in kerosene
loaded with Fe(III) at different pH values had the opposite behavior and better stripping
values were found using higher loading pH values. More work is needed to completely
elucidate this phenomenon as it affects the electrochemical steps involved in the stripping.

e. Effect o f the diluent

Table 3 shows that only 12% of the Fe(III) could be removed using kerosene I
compared to 41 % when kerosene II was used. Several other tests have corroborated that
kerosene I does not

perform well in the Fe(III) reductive stripping process. One

explanation may be due to differences in composition. Kerosene I had a composition of
45.7% paraffins, 37.3% naphthenes,

16.5% aromatics and 0.5%

olefine. The

composition of the Kerosene II was 60% paraffins, 36% naphthenes and 4% of
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aromatics. Even though the exact cause of these variations is not clearly understood it
is obvious that the diluent may be an important variable in ultimately determining the
efficiency of the galvanic stripping process.

f Effect o f iron surface area

An upward linear relationship for the percentage of Fe(III) stripped with the increase
of surface area is shown by the results given in Figure 4. Almost 100% of the initial
Fe+3 was removed when 24 cm2 of surface area was provided. The plot shows that the
aqueous solution pH increased as the Fe(II) transferred to stripped to the aqueous phase
displacing the hydrogen ion. Iron metal consumption was between 2.4 to 4.2 times the
theoretical stoichiometric amount for the reaction assumed.

g. Effect o f higher initial concentration o f Fe (III) in the organic

An increase in the A/O ratio from 2/1 to 3/1 at a constant iron metal concentration of
10 g/1 did not appreciably change the Fe(III) removal. However, when the iron metal
surface area was doubled the percentages of Fe(III) stripped at an A/O ratio of 2/1
increased from 49% to 68% and at an A/O ratio of 3/1 from 54% to 78%, as seen in
Figure 5. The iron metal spent varied between 2.2 to 3.0 times the stoichiometric
amount. From the results, it can be said that Fe(III) galvanic stripping can be applied
effectively to remove relatively high Fe(III) concentrations, particularly if the other
operating variables are optimized.
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h. Effect o f agitation and temperature

The rates of Fe(III) removal increase slightly with the speed of agitation, as shown in
Figure 6. Even at the lowest speed a significant amount of the Fe(III) was reduced,
indicating that the process is not diffusion controlled.
The effect of temperature on the percentage of Fe(III) stripped and the Arrhenius plot
for these rates are shown in Figures 7 and 8 respectively. An increase in temperature
produced a significant increase in the Fe(III) stripped and the calculated activation energy
was 15 kcal/mole indicating a chemically controlled process.

2. Experimental design

A Plackett and Burman experimental design [13,14] using four independent variables
was run in order to estimate the main effects in the Fe(III) galvanic stripping process.
Design-Ease software [15] was used to obtain a mathematical model of the process and
to evaluate and interpret the results.
A summary of this factorial design with the responses is shown in Table 4. The main
effects of the variables were calculated at the 95 % confidence level and are presented
in Table 5. A normal probability is shown in Figure 9 plot and the predicted cube plot
for the experimental design is given in Figure 10.
The results of the design tests show that the percentage of Fe(III) stripped is strongly
dependent on the iron powder surface area and the temperature. These two variables
cause significant departure from the straight line relationship in the normal probability
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plot (Figure 9). The percentage of Fe(III) removed varied from 4.7% Fe+3 stripped (at
low temperature and Fe surface area) to 73.1 % Fe(III) stripped (at high temperature and
surface area). The D2EHPA concentration and the agitation were not significant in these
experiments. The results are in good agreement with the initial assumption that removal
of Fe(III) using metallic iron is a chemically-controlled process.
The final expression in terms of the significant effects is:
% Fe REDUCED = -30 + 1.2 (TEMPERATURE, °C) + 2.4 (SURF. AREA, cm2)
Tables 4 and 5 show that the g Fe(III) stripped/g Fe° reacted is strongly dependent of
the temperature. The response varied from 0.22 at low temperature to 0.53 at high
temperature. D2EHPA concentration, surface area and agitation were not significant.
Finally, it may be concluded that temperature is the most significant factor for the Fe(III)
galvanic stripping process and the final response must be a compromise between the %
Fe(III) stripped and the (g Fe(III) stripped/g Fe° reacted) responses.

CONCLUSIONS

Galvanic stripping of Fe(III) from D2EHPA using metallic iron as a reductant has been
demonstrated and the efficiency of removal is very dependent on certain operating
parameters.
A nitrogen environment is needed for the efficient removal of Fe(III) and the presence
of oxygen is detrimental.
The aqueous phase factors such as aqueous/organic ratio and pH affect substantially the
Fe(III) removal and must be considered when galvanic stripping is used.

Lower initial pH values of the Fe(III)-containing aqueous phase have a positive effect
on the percentage of Fe(III) removed.
The proper selection of the diluent is an important factor in the efficiency of ferric iron
removal as different kerosenes gave substantially different iron reduction rates.
The removal of Fe(III) is proportionally dependent of the iron surface area.
The process has also been proven to work at higher Fe(III) concentrations of the
organic phase such as 5.4 g/1.
The non-dependence of the agitation factor and the calculated activation energy of the
Fe(III) galvanic stripping process (15 kcal/mole) suggest that the process is chemicallycontrolled.
Overall, the removal of Fe(III) from D2EHPA using metallic iron has been shown to
be quite feasible. Additional fundamental work is obviously desirable before developing
the process further, but galvanic stripping does appear to be an attractive alternative for
the removal of iron from organic solvents.
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Figure 1. Effect of HC1 concentration (g/1) of the aqueous phase on Fe(III) galvanic

stripping in 10V% D2EHPA and in a conventional stripping.
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Figure 2. Effect of initial loading pH on the Fe(III) extraction in 10 V % D2EHPA in
kerosene.
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Figure 3. Effect of initial pH of loading solution on Fe(III) galvanic stripping in
10 V% D2EHPA in kerosene.

Aqueous Phase pH

% of Fe(|u) Stripped
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D2EHPA in kerosene.
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Figure 5. Effect of iron surface area and aqueous/organic ratio on the galvanic

stripping in 10 V % D2EHPA containing 5 g/1 of ferric iron.
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Figure 6. Effect of shaking agitation speeds on Fe(III) galvanic stripping

% Fe(lll) Stripped
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Figure 7. Effect of temperature on Fe(III) galvanic stripping.

log rate constant,k (cm/s)
Figure 8. Arrhenius plot for the Fe(III) galvanic stripping process.
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DESIGN-EASE Analysis
R1: %Fe REDUCED
C: 26.48
B: 24.93

Figure 9. Normal probability plot of the effects in the experimental design.
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Figure 10. Cube plot of predicted values for the Fe(III) galvanic stripping experimental
design.
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Table 1
Effect of Nitrogen

Time N2
Sparging (min)

% Fe(III)
Stripped

Stoichiometric
Excess of Iron
Consumed (# times)

0

11

31

1

22

5

2

26

5

4

25

5

6

29

5

Table 2
Effect of Aqueous/Organic Ratio

Aqueous/ Organic

% Fe Stripped

Stoichiometric
Excess of Iron

Ratio

With N2
Sparging

No N2
Sparging

With N2
Sparging

No N2
Sparging

1.0

29

11

3

16

1.5

30

13

2

13

2.0

39

11

2

14

2.5

41

8

2

19

3.0

40

13

2

11

Table 3
Effect of Diluent

Diluent

% Fe(III) Stripped

Kerosene I

12

Kerosene II

41
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Table 4
Uncoded Levels and Responses of the Iron Galvanic Stripping Experimental
Design

Run

D2EHPA

Temp.

Surface

Shaking

Number

%V

°C

Area

Agit.

%

Fe

Reduced

Speeds

g Fe+3/
g Fe°
Ratio

1

5

15

5.9

2

8

0.33

2

20

15

5.9

9

5

0.22

3

5

35

5.9

9

21

0.50

4

20

35

5.9

2

28

0.54

5

5

15

17.7

9

26

0.35

6

20

15

17.7

2

31

0.50

7

5

35

17.7

2

46

0.45

8

20

35

17.7

9

73

0.53

9

12.5

25

11.8

5.5

30

0.42

10

12.5

25

11.8

5.5

24

0.37

11

12.5

25

11.8

5.5

32

0.43

27

Table 5
M ain Effects of the Iron Galvanic Stripping Experimental Design

Variables
Experimental Design

%

Fe

g Fe+3 Red/

Reduced

g Fe° Used

Xj: D2EHPA Concentration (%)

9.2 ± 12.2

0.04 ± 0.10

X2: Temperature (°C)

24.9 ± 12.2

0.16 ± 0.10

X3: Surface Area (cm2)

28.5 ± 12.2

0.06 ± 0.10

X4: Agitation

2.9 ± 12.2

-0.06 + 0.10

X5: Dummy

6.4 ± 12.2

-0.09 ± 0.10

X6: Dummy

7.0 ± 12.2

0.08 ± 0.10

X7: Dummy

8.0 ± 12.2

0.02 ± 0.10
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CEMENTATION O F LEAD FROM D2EHPA USING M ETALLIC ZINC

L. M. CHIA and T. J. O’KEEFE
Department of Metallurgical Engineering
University of Missouri-Rolla
Rolla. MO 65401 {USA)

ABSTRACT

The direct removal of lead ions from D2EHPA using metallic zinc or galvanic
stripping was evaluated. Four parameters found to be important in the rate of lead
removal were varied in a factorially designed experiment and were: D2EHPA
concentration, temperature, zinc surface area and solution agitation. It was found that
temperature and surface area were the most significant, while agitation and D2EHPA
concentration did not have much influence, indicating that the process may be
chemically-controlled. The process was also shown to be sensitive to the presence of
oxygen in the system. Although it was possible to cement all the lead from the organic,
the zinc required exceeded the stoichiometric amounts, possibly due to the redissolution
of the lead. In general the results obtained were very encouraging and showed that
cementation of lead from the D2EHPA was technically feasible.
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I. INTRODUCTION

A process has been developed for the direct removal of lead ions from an organic
solvent, D2EHPA1. The technology involves the use of a solid metal as the reductant in
the organic phase to cement the lead ions in crystalline form. In principle, the reactions
are similar to those encountered in aqueous cementation or displacement reactions
commonly employed in many industrial processes.
The selective separation of metal ions using organic reagents, such as solvent
extraction and ion exchange, continues to gain in popularity as a treatment option in the
hydrometallurgical production of metals. However, with continued use the organics may
become contaminated with small quantities of impurities that are difficult to remove using
chemical stripping. With this in mind, organic cementation was investigated as a potential
solution for this problem.
Conceptually the process has been demonstrated on a variety of systems1’2,3, but the
research has been primarily qualitative in nature.
The research presented here is one of an ongoing series of investigations designed
to more clearly elucidate the practical and theoretical aspects of the mechanisms involved
in the galvanic stripping of organics in a more qualitative manner.

A. E xtraction into D 2EH PA
D2EHPA is described as an effective acidic extractant, which can deprotonate to
form an anion4 capable of chelating cations such as Pb(II)5 and Zn(II)6,7 .
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o

O
(C8H170 )2P-0H

(CgH170 )2P-0

+

H+

( 1)

The extraction of Zn+2 ions is a good example of D2EHPA chelation and
coordination.

4(RO)2P-OH

+

Zn+2

[(RO)2PO]2Zn[HOP(OR)2]2 +

2H +

[2]

Holdich and Lawson5 said that the basic extraction equation for lead can be written as

Pbnf

+

m/2 (HA)2

PbAn.(m-n)HA

+

n H+1

[3]

where HA represents D2EHPA, n the ionic charge of the lead and m the number of
molecules required for the extraction of the complex into the organic phase. Organic
species are denoted by the use of superscript bars. However, this equation represents a
simplification because lead can be extracted in other complex forms. They concluded that
the extraction of lead by D2EHPA proceeds readily but is not always stoichiometrically
equivalent.
Ritcey and Ashbrook8 have made some generalizations regarding the degree of
extraction of metal ions into D2EHPA and its diluents and they concluded that:
(a) As the charge on a metal ion increases, so does its extractability.
(b) For metals having the same charge, extraction varies inversely as the ionic radius.
(c) In general, the effect of common anions on the extraction of metals by D2EHPA is
expected to increase in the order N 03\ < Cf, < C 032, < S 0 42.
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(d) Some relationship appears to exist between metal extractability and the compositions
(aromatic, paraffin and naphthene content) of commercially available diluents.
The phosphoryl group (P = 0 ) contained in D2EHPA is responsible for the reaction
between the organic and the metal ion9,10. Absorption occurs within the overall frequency
range of 1390-1080 cm'1, the exact position being dependent upon the nature of the
attached groups in association with their steric and electronic effects. The phosphoryl
bond has a nucleophilic character which is apparent in its ability to form hydrogen bond
and metal complexes. Such factors become important in determining the efficiency of the
exchange reactions occurring during cementation.

B. G alvan ic Stripping
In the process described, galvanic stripping, a metal ion in an organic extractant was
reduced using a more active solid metal to provide the electrochemical driving force1,2,3.
The reaction in the organic can be represented by the following simplified reaction:
R-Mj

+

M2(solid)

>

R-M2 +

M)(80lid)

[4]

where Mj and M2 are different metals, R is the organic anion and the superscript bars
denote the organic species.
As seen from equation [4] the reduction of

by metal M2 is similar to the

displacement or cementation reactions encountered in aqueous chemical processes.
Obviously major differences might be expected between the two processes in that the
stability of the soluble aqueous species of any given metal may be quite different when
complexed with the organic. Other factors to be considered in organic cementation such
as very low conductivity of the solution, low flammability point of the diluent, viscosity,
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type of extractant, and chemical and physical properties which alter the reactivity of the
system.
It is worthwhile to mention that the presence of a small amount of water remaining
in the organic after the extraction stage may play a significant role in the organic
cementation. The water content of the organic has been shown to have a range of
different effects on the rate of dissolution in di-2(ethylhexyl) phosphoric acid in
kerosene11,12. Additional studies are now being conducted to more clearly define the role
of water on the reaction mechanism and rates of reaction.

H. EXPERIMENTAL

Di(2-ethylhexyl) phosphoric acid, D2EHPA provided by Albright & Wilson, Fisher
kerosene with a composition of 46% paraffins, 37% naphthenes and 17% aromatics, and
Special High Grade (SHG) Zn powder of -100 mesh provided by Big Zinc River
Company, Sauget II. were used in most of the experiments. Lead nitrate or lead chloride
was dissolved in aqueous solution, pH 4.0 before loading into the organic to a
concentration of about 3 g/1 Pb+2.
Usually, 150 to 200 ml of organic solution contained 10 V% or 15 V% of D2EHPA
in kerosene were used in the experiments. The solid zinc was washed with acetone and
a dilute HC1 solution and then dried with nitrogen before use. The Pb+2 and Zn+2
analyses of the organic solutions were performed using an X-ray spectrograph model
2501 from Cianflone Scientific Instruments Corporation. Stock solutions of 10 V% or
15 V% D2EHPA in Fisher kerosene were specially prepared for this purpose.
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The organic solution was contacted directly with the zinc reductant using magnetic
stirring to initiate the galvanic stripping. Initially the solution of D2EHPA in kerosene
loaded with Pb+2 was placed in a closed water bath container at the desire temperature.
Usually, neither 0 2 or N2 were sparged prior to or during the experiments. Sampling was
done by briefly halting the stirrer, opening the vessel, and pipetting a sample of the
organic solution.
The variable conditions studied in this investigations were:
Characterization of the deposit
Characterization of the produced cement was done by X-ray diffraction and SEM
analyses.
Effect of nitrogen and oxygen
The effect of nitrogen and oxygen were evaluated in the presence of Pb+2 ions in two
different tests. In one test the nitrogen or oxygen gases were sparged throughout the
experiment (6 hours) while in the other oxygen or nitrogen gas was sparged prior to but
not during the experiment.
Effect of surface area / particle size
The surface area of the zinc powder was varied to determine the resulting
concentrations of Zn+2 and Pb+2 in the organic. Metallic zinc from Fisher was used.
Every experiment used 10 ml of 15 V% D2EHPA in Fisher kerosene previously loaded
with an aqueous solution of PbCl2 at pH 4.0. The tests were run during 1 hour. Surface
area was calculated from the mesh analysis of the zinc powder assuming a spherical
shape.
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The effect of different zinc powder particles sizes was also evaluated for 3 hours.
Special High Grade zinc from Big River Co. of -20 +70, -70 +100, -100 +140, -140
+200 and -400 mesh sizes with corresponding surface areas of approximately 32, 92,
129, 183 and 556 cm2 respectively were used in the experiments. A 200 ml of 15 V%
D2EHPA in kerosene previously loaded with an aqueous solution of Pb(N03)2 was used
in each experiment.
Effect of initial Pb+2 concentration
The initial concentrations of Pb+2 ions in the organic were varied to observe the
effect on the rate of cementation and zinc dissolution. A volume of 150 ml of 10 V%
D2EHPA in kerosene was contacted with a Pb+2-containing aqueous solution at different
concentrations. Three grams of Special High Grade zinc powder were added to the
organic and magnetically stirred during two hours.
Effect of temperature
Lead cementation and zinc dissolution rates were determined at three different
temperatures 15, 25 and 35 °C. Each experiment used 200 ml of 10 V% D2EHPA in
kerosene solution and 2 g of SHG zinc. The initial concentration was 3.5 g/1, no gases
were sparged and the reaction time was 6 hours.
Effect of agitation
The effect of agitation on lead cementation was qualitatively evaluated using three
different magnetic stirring speeds: slow, medium and fast. A volume of 150 ml of 10
V % D2EHPA in kerosene with a initial concentration of 3.5 g/1 was used. No gases were
sparged and the tests were run at room temperature. Results are shown in Table I.
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Experimental design
A experimental design was used to evaluate the lead organic cementation process.
D2EHPA concentration, temperature, surface area, agitation and three interactive
dummies were selected as the variables to evaluate in a Plackett-Burman experimental
design of 8 runs and three replicates. The principles of this statistical design are
described by Murphy16. Statistical software17 was used to find the significant effects, the
mathematical model for these effects and to assist in interpretation of the results.
The random tests were made using 10 ml of lead-containing organic 3.5 g/1 for 1
hour. A very fine zinc powder of approximately 400 mesh size was used as reductant.
In these tests neither nitrogen or oxygen were sparged into the organic. The solution was
agitated in 100 ml volumetric flasks by a wrist-action shaker. Table II shows the variable
experimental levels used in the design as well as the % Pb Reduced and the ratio of g
Pb+2 Reduced to g Zn Spent. Table III shows the calculated main effects of the galvanic
stripping process.
FTIR spectra
Fourier Transform Infrared Spectroscopy analysis was made on the organic extractant:
(15 V% D2EHPA in Fisher kerosene) which was in contact with solid zinc (powder zinc
mesh 100) for 6 hours.
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III. RESULTS AND DISCUSSION

A. C h aracterization o f the D e p o sit
X-ray diffraction analyses of the produced cement showed that the deposit consisted
primarily of pure crystalline lead. The deposit is shown in Figure 1 and consists of small
round dendritic particles growing outward from the zinc slab.

B. E ffect o f N itrogen an d Oxygen
In the first test, when nitrogen or oxygen was sparged throughout the experiment the
reaction was almost totally inhibited. Almost no Zn dissolved into the organic (0.1 g/1)
and no Pb was deposited from the organic (1%).
For the second test, Figure 2 shows the effect of oxygen sparging the organic on zinc
dissolution for various times prior to testing. Results showed that an amount of oxygen
sparging of about 30 seconds appears to give a slightly maximum amount of lead
deposited of 41% Pb cemented compared to 27% Pb cemented when no oxygen was
sparged. Higher oxygen concentrations probably passivated the anodic reaction. Figure
2 shows that zinc dissolution was greatly affected by an excess of oxygen sparged
decreasing it from 6 g/1 of Zn+2 dissolved at its maximum peak (30 seconds of oxygen
sparged) to about 2.3 g/1 of Zn+2 dissolved when four minutes of oxygen were sparged.
In summary, it can be said that if sufficient oxygen is present the reaction can be
inhibited. However, a small amount is needed to initiate the reaction. Thus, the oxygen
level is important and the optimum amount must be present because either a deficiency
or an excess will drastically decrease the reaction. Although the mechanism is not clear,
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it is possible that an excess of oxygen in the presence of water may form a passivating
film which does not permit the zinc to dissolve. Prior nitrogen sparging at different times
was not beneficial for the process.

C. E ffect o f Surface A rea / P article Size
The surface area of the zinc powder was varied to determine the resulting
concentrations of Zn+2 and Pb+2 in the organic. 15 V% D2EHPA in Fisher kerosene was
used in all the experiments. Surface area was calculated from the mesh analysis of the
zinc powder assuming a spherical shape. See Figure 3.
It is observed in Figure 3 that as the zinc dissolution increases the lead removal
increases substantially. Although all the lead (0.034 g) was removed in one hour, when
there was 85 cm2 of zinc surface area nearly 11 g/1 Zn+2 dissolved into the organic.
Assuming a simple stoichiometric relationship 1.0 g of zinc is needed to cement 3.2 g
of lead. However, more than 10 times the stoichiometric amount of Zn was used,
probably because of side reactions due to the use of high concentrations of D2EHPA in
the organic. One possible side reaction is the self dissolution of zinc with the evolution
of hydrogen or formation of water as the cathodic step. As a consequence, it is seen that
it is necessary to control the anodic zinc dissolution if the reaction is to be optimized
As in the previous experiment, an increase in surface area, as the particle size
decreased, increased the amount of lead cemented. It is seen from Figure 4 that the lead
reduced depends on the zinc dissolution until a certain time (1 or 2 hours) and again
more zinc than necessary was dissolved (about 10 times the stoichiometric amount at
mesh -400 which was the most efficient).
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Figure 5 shows that the organic cementation apparently may follow a first order
reaction behavior for the first hour of the reaction. However, more evidence is needed
to establish the kinetic order of the reaction. Physical examination of the morphology
changes occurring with time may help to determine this mechanism, as is often the case
with aqueous cementation13,14,15.

D. E ffect o f in itia l P b +2 C oncentration
When the initial concentration of Pb was decreased from 2.8 to 1.2 g/1 Pb+2, the
percentage of lead cemented increased substantially as shown in Figure 6. However, at
a lower initial concentration (0.6 g/1 Pb+2) the lead cemented decreased slightly. This
may be explained due to a greater or lesser content of H+ ions in the organic available
to react with the zinc. Although the experiment at a lower initial Pb+2 concentration in
the organic improved the percentage of lead cemented, a higher Zn/Pb ratio occurred.
When 0.6 g/1 Pb+2 were used initially, 25 times the stoichiometric Zn was used. When
the Pb+2 concentration was 2.8 g/1, 11 times the theoretical value was required. It is
possible that an activation of the zinc surface is occurring due to the lead cemented. A
certain amount of lead could polarized the zinc dissolution reaction, making it deleterious
for the process. Additional research is being done to determine the effects of operating
variables on this excess in order to decrease it to an acceptable value.

E. E ffect o f Tem perature
An increase in temperature will initially increase the rate of Pb cemented and Zn
dissolved as seen in Figure 7. Although the percentages of lead cemented obtained in
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these experiments were not high (maximum 55%), they clearly indicate the strong effect
of temperature on the cementation reaction. It is seen that better cementation rates (55%
in 6 hours) and stoichiometric efficiencies are obtained at the higher temperature (35 °C).
The excess of the theoretical Zn/Pb ratio obtained were around 15 times for the three
temperatures. This phenomenon may be explained due to the strong influence of water
and oxygen on lead dissolution in D2EHPA8. Cemented lead can be redissolved into the
D2EHPA solution, increasing the amount of spent metallic zinc.
From the evaluation of the temperature on the rate constants (Figure 8), the apparent
activation energy found was 26 kcal/mole for the Zn dissolution and 22.5 kcal/mole for
the lead cemented, which corroborated the initial finding of chemical control. The
morphology of the deposits must also be studied to allow a more complete analysis of the
process.

F. E ffect o f A g ita tio n
It is important to notice that the effect of agitation was markedly significant in the
dissolution of Zn in 10 V% D2EHPA in the absence of Pb+2 ions12. On the other hand,
in the presence of Pb+2 ions the effect of agitation was negligible. The results in Table
I showed that there was a significant effect of the stirring speeds on the deposition rates
but it was not as significant as the temperature and surface area; this might be indication
that the process is not diffusion-controlled. It is possible that the attached lead deposit
changes significantly the reaction rates or side reactions involving oxygen and/or
hydrogen ions and others in the organic. These may affect the mechanism of the reaction.
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G. E xperim ental D esign
The main effects results in Table III and the cuble plot of predicted Pb concentration
values in Figure 9, show that all the variables are significant for the chosen responses.
For the % Pb reduced response it is seen that increasing D2EHPA concentration in
kerosene from 10 to 20% increases the percentage of Pb reduced only 11.6%. It is
necessary to mention that an appropriate level of D2EHPA concentration had to be
chosen for the experimental design (from 10 V % to 20 V % in this case) because, at
concentrations lower than 10 V %, D2EHPA is easily saturated and at higher values than
20 V%, viscosity problems do not allow the reaction to occur. The temperature and
surface area main effects (48% and 45% respectively) were more significant than the
D2EHPA concentration main effect. On the other hand, the agitation main effect (11.6%) was affecting negatively the percentage of Pb reduced response and was not as
significant as the temperature and surface area. This effect was expected and once more
indicates that the lead organic cementation process is chemically-controlled. The dummy
main effects obtained were 31.7, -7.5 and 7.4% for the BC, AC and AB combinations.
Although -7.5% and 7.4% are not overwhelming interaction effects, the 31.7% value
indicates the presence of temperature/ surface area interaction that should be taken into
consideration.
A mathematical model including the four variables and three interaction was found
from the ANOVA evaluation:
% Pb REDUCED = - 6.3 - 3.9 D + 1.3 T -I- 5.9 SA - 15.2 G + 0.1 (D) (T)
- 0.1 (D) (SA) + 0.9 (T) (SA)
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The (g Pb+2 Reduced/g Zn Spent) response also was evaluated in this experimental
design. The efficiency of the process not only depends of the percentage of Pb+2 reduced
but also of the amount of Pb+2 reduced per amount of zinc spent. Table II shows that all
the variables are also significant but only the surface area affected positively the response
(0.05 g Pb+2/g Zn°). The other variables, D2EHPA concentration, temperature and
agitation had negative main effects (-0.01, -0.03 and -0.03 g Pb+2 reduced/g Zn°
respectively) and were not as significant as the surface area main effect. It is suggested
that care has to be exercised in setting variable levels because an efficient process is a
compromise of the two responses. It may be concluded from the analysis of this
evaluation that the increase of surface area improves the efficiency of the lead organic
cementation more than the other variables.

H. FTIR S pectra
Fourier Transform Infrared Spectroscopy analysis was made on the organic extractant
(15 V% D2EHPA in Fisher kerosene) which was in contact with solid zinc (powder zinc
mesh 100) for 6 hours. From a preliminary evaluation, it was seen in the initial spectrum
(at 0 min) that 15 V % D2EHPA in kerosene shows the P-O stretching absorption band
at 1230 c m 1. However, it was clearly seen that the P -0 band shifts progressively toward
lower frequencies (1205 cm'1 after 6 hours) as the zinc dissolves into the extractant. This
initial finding confirms that Zn+2 ions extracted into D2EHPA by cation exchange are
probably bonded to the phosphoryl oxygen atom. It was also noticed that a relatively high
zinc concentration in the organic is necessary (above 5.3 g/1 Zn+2) in order to see the
change of the phosphoryl band. The spectrum of samples reacted for 360 min also
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showed the appearance of one band at 1102 cm'1. More work is being conducted using
the analysis to assist in elucidating the mechanisms and structural entities involved in the
organic cementation reactions.

IV. CONCLUSIONS

Lead is deposited as a pure crystal by the organic cementation process using Zn as
a solid metal reductant.
There is an effect of oxygen sparged in the organic on the reaction rate of lead
cementation and zinc dissolution.
Increasing the surface area and temperature will increase drastically the cementation
reaction rates, however surface area has a more beneficial effect on the efficiency of the
process.
Apparently, the cementation of Pb in 10 V% D2EHPA using Zn metal is chemicallycontrolled.
The initial concentration of Pb(II) in the organic will affect the Zn dissolution and
lead deposition rates.

LIST OF SYMBOLS

[Zn+2]t = Zn+2 concentration at time t
[Zn+2]0 = Zn+2 concentration at time 0
k = Zn dissolution rate constant (cm/s)
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[Pb+2]t = Pb+2 concentration at time t
[Pb+2]0 = Pb+2 concentration at time 0
T = Temperature, K
D = D2EHPA concentration, V%
SA = Surface area, cm2
G = Agitation
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Figure 1. Micrograph of lead deposited from D2EHPA on zinc

Zinc Organic Concentration (g/1)

46

Figure 2. Effect of prior oxygen sparging on Zn+2 dissolution in the organic. Initial Pb+2

organic concentration 3.7 g/1, time of reaction 2h and zinc powder Special
High Grade -100 mesh size.

Metal Concentration in Organic (g/1)
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Figure 3. Effect of zinc surface area on the lead organic cementation using 15 V%

D2EHPA in kerosene. Initial lead concentration 3.4 g/1, time of reaction 1 h
and zinc powder from Fisher -100 mesh size.
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Figure 4. Effect of zinc particle size on lead organic cementation using 15 V% D2EHPA

in kerosene. Initial lead concentration 3.4 g/1.
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Figure 5. Influence of Zn particle size on the rate of removal of Pb+2 ions. Initial lead

organic concentration 3.4 g/1, zinc powder Special High Grade.
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Figure 6. Effect of initial Pb+2 organic concentration on the percentage of lead

cemented. Zinc powder Special High Grade -100 mesh size.
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Figure 7. Effect of temperature on lead organic cementation in 15 V% D2EHPA in
kerosene. Lead initial organic concentration 3.5 g/1, zinc powder Special High
Grade -100 mesh size.
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Figure 8. Arrhenius plot of lead cementation and zinc dissolution in 15 V% D2EHPA

in kerosene.
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D2EHPA

Concentration

Figure 9. Cube plot of predicted values of the lead organic cementation experimental

design.

TABLE I
EFFECT OF AGITATION
Magnetic Stirring
Speed

Pb
Cemented

Slow

17

Medium

30

High

29
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TABLE HI
M ain E ffects o f the Lead Galvanic Stripping Experim ental D esign

% Pb
Reduced

g Pb+2 Red./
g Zn° Used

A: D2EHPA Concentration (%)

11.6 ± 1.1

-0.04 ± 0

B: Temperature, °C

48.0 ± 1.1

-0.03 ± 0

C: Surface Area (cm2)

45.0 ± 1.1

0.05 ± 0

D: Agitation

-11.6 ± 1.1

-0.03 ± 0

BC: Temp.-Surf. Area

31.7 ± 1.1

0.05 ± 0

AC: D2EHPA Cone.-Surf. Area

-7.5 ± 1.1

0.01 ± 0

AB: D2EHPA Cone.-Temp.

7.4 ± 1.1

-0.04 ± 0

Variables of
Experimental design
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M ETALLIC IRO N DISSO LUTIO N IN DI-(2-ETH YLH EXYL) PH O SPH O RIC
ACID-KEROSENE M IXTURES

LUIS M. CHIA and THOMAS J. O’KEEFE
Department of Metallurgical Engineering
University of Missouri-Rolla
Rolla. MO 65401 rtJSAl

A bstract

The factors affecting the spontaneous dissolution of metallic iron in di-(2-ethylhexyl)
phosphoric acid (D2EHPA) in kerosene and with mixed aqueous and organic phases were
evaluated. The primary goal of the research was to study the mechanism of the anodic
step in the galvanic stripping of metal ions from organic media. It was found that
metallic iron did not dissolve in D2EHPA unless a minimum of 0.1 V % water and an
optimum amount of oxygen were present in the system. When these conditions were met,
iron dissolution was found to be a diffusion-controlled process with a calculated
activation energy of 2.2 kcal/mole. A statistically designed experiment using

four

variables indicated that temperature has a slight influence on iron dissolution whereas
agitation and surface area had a strong positive effect. The concentration of D2EHPA
was not found to be significant. The results show that iron can be spontaneously
dissolved in D2EHPA but the experimental parameters are critical in determining the
extent o f reaction and rates attained.
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1. Introduction

Galvanic stripping of metal ions from organic extractants is a novel technique which has
been successfully demonstrated at the laboratory, pilot and industrial scale levels
[1,2,3,4,5,6]. Simply stated, the process involves the use of a solid metal to provide an
electrochemical or galvanic driving force to alter the oxidation state of the metal ion to
be reduced in the organic phase. The equilibria in the system can be dramatically altered
in this manner, promoting reactions which cause either easier stripping to the aqueous
phase or reduction to metal by a direct cementation reaction.
Although the galvanic stripping process works well for a rather broad range of
metal/organic mixtures, the responsible mechanisms have not been completely elucidated.
For example, preliminary tests [4,5] have indicated that various metal/organic systems
respond very differently depending on the operating parameters, particularly the water
content of the organic.
The process can be used in two different modes. If the metal is in contact with only
the organic phase and this step is followed by contact with the aqueous phase, it is called
separate stripping. Another option is to have the organic and aqueous phases in contact
with the metal or employ simultaneous reduction and stripping. The latter is preferred
for removing iron from the organic since it can be immediately stripped into the aqueous
phase as ferrous iron after the reduction from the ferric state. Since the metallic iron will
be in contact with both liquid phases, it is necessary to determine the degree of reactivity
in each in order to more clearly identify the nature of the anodic step in the galvanic
stripping process.
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2 . Experim ental details

2 .1 . R eagents a n d apparatu s

The organic solution was a mixture of di-(2-ethylhexyl) phosphoric acid (D2EHPA) from
Albright & Wilson and Fisher kerosene and all other chemicals were reagent grade. The
iron metal used was a powder of mesh size 100.
The majority of the dissolution experiments were performed using a 10 speed Burrel
shaker with 10 ml of organic in 100 ml volumetric flasks. Standard organic solutions of
iron were prepared for references for chemically analyzing the solutions using an X-ray
spectrograph. The aqueous solutions were analyzed by atomic absorption techniques and
a digital pH meter Markson model 95 was used to measure the aqueous pH values.

2.2. E xperim en tal p ro c e d u re

Water was added to the organic phase by contacting with the aqueous phase in a ratio of
1/2 for 10 minutes and agitated. The phases were allowed to separate for 5 minutes and
then 0.1 g of iron powder was placed into the organic phase and the reactor was capped.
No gases (N2 or O2) were sparged into the organic before or during the tests. After the
experiment, the solution was filtered and analyzed to determine the extent of iron
dissolution.
The dissolution of iron powder in three different media was compared and they were:
an aqueous phase of 5 g/1 HC1, an organic phase 10 V% D2EHPA in kerosene and both
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aqueous and organic phases in contact simultaneously. The effect of oxygen and nitrogen
on dissolution was studied in all the three media. The effect of water, D2EHPA
concentration, agitation, temperature and surface area were also evaluated for their effect
on iron dissolution in the organic phase. The factor effects of these variables were
determined using a statistically designed screening experiment. Also, the effect of Fe+?
in the organic on iron dissolution was evaluated in the mixed aqueous/organic phases.

2 .3 E va lu a ted variables

Iron dissolu tion - aqueous p h a se

A 10 ml aqueous solution of 5 g/1 HC1 and 0.1 g of iron powder were used to carry out
this part of the study. Nitrogen and oxygen were evaluated prior to the experiment for
6 minutes.

Iron d issolu tion - organ ic p h a se

Iron dissolu tion in 1 0 V% D 2E H P A in kerosene.

A volume of 10 ml of 10 V% D2EHPA

in Fisher kerosene and 0.1 g of iron powder were used in these experiments.
E ffect o f w ater.

The effect of water on iron dissolution in the organic was evaluated in

two different ways. In the first case, water was put in contact with 5 V% D2EHPA in
Fisher kerosene for 30 minutes at different A/O ratios. After separation of the phases,
10 ml of the organic were placed in a 100 ml volumetric flasks and the iron powder was
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added. Alternatively, small amounts of water were also added directly to the organic
prior to adding the iron powder.
E ffect o f F e +3 concentration.

Experiments were performed to see the effect of the Fe+3

concentration in the D2EHPA on the dissolution of iron metal. The Fe+3 was loaded into
the organic from an aqueous solution of Fe2(S04)3. The other conditions were those
described previously.
E ffect

o f D 2E H P A

concentration.

In these experiments, 8 different D2EHPA

concentrations in kerosene (2.5, 5.0, 7.5, 10, 15, 20, 30 and 40 V%) were used to
observe the effect on the iron dissolution. In every experiment, 10 ml of D2EHPA were
previously put in contact with 5 ml of water (A/O=1/2) for 10 minutes. After water
separation 0.1 g of iron powder was added and no gases were sparged.
E ffect o f a gitation .

The wrist-action shaker was set at three different speeds: 1, 5 and 9

termed low, medium and high speed. In every test, 10 ml of 7.5 V% D2EHPA in
kerosene previously contacted with water for 10 minutes were used. No gas sparging was
used prior to the tests.
E ffect o f surface a rea .

The effect of surface area was studied for iron dissolution but the

reaction time was 30 minutes and the organic was contacted with water for 10 minutes
at an A/O ratio of 1/2.
E ffect o f oxygen a n d nitrogen.

Ten ml of organic 7.5 V % D2EHPA in kerosene

previously contacted with water at an A/O ratio of 1/2 were placed in a 100 ml
volumetric flask. Nitrogen or oxygen was bubbled through the solution for an specific
time and then the iron powder was added immediately before capping.
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E ffect o f tem peratu re.

Three sets of experiments were made at 15, 25 and 35 °C using

the conditions described previously. The volumetric flasks were immersed in a constant
temperature water bath during the experiments. No additional oxygen was sparged;
however the solutions were exposed to the environment previous to the experiment.

E xperim en tal design

A factorially designed experiment using four variables and three dummy effects was run
in order to model the main effects and their interactions. The uncoded levels of the four
variables (D2EHPA concentration, temperature, surface area and agitation) and the
amount of iron dissolved are shown in Table 1.
The organic used in all the tests was contacted with water for 10 minutes prior to
testing, also no gases were sparged prior to the experiments. However, the organic
solutions were exposed to the air before the experiment.

Iron dissolu tion - co m b in ed ph ases

Sim ultaneous iron dissolu tion in m ixed H C l(aq) and 1 0 V% D 2E H P A p h a ses.

The

dissolution of iron powder was carried out in a mixture of 20 ml of 5 g/1 HC1 and a
organic phase of 10 V% D2EHPA in Fisher kerosene. In these experiments nitrogen or
oxygen was sparged for six minutes prior to the experiment.
Sim ultaneous iron dissolu tion in m ixed H C l(aq) an d 1 0 V% D 2E H P A lo a d e d w ith F e +3.

An A/O ratio of 2/1 using 20 ml of 5 g/1 HC1 in contact with 10 ml of a 3 g/1 Fe+3-
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loaded organic solution o f 10 V% D2EHPA in Fisher kerosene was used for these
experiments.

Simultaneous iron dissolution in mixed HCl(ag) and 10 V% D2EHPA phases at different
temperatures.
a) No Fe+3 in organic. The dissolution o f iron in the mixed solution with an A /O ratio
o f 2/1 o f aqueous H C15 g/1 in contact with 10 V% D2EHPA in Fisher kerosene phase
also was evaluated at different temperatures. Nitrogen was sparged for 6 minutes prior
to all experiments.

b) With Fe+3 in organic. The effect o f temperature on the iron dissolution in the aqueous
and in the F e+3-loaded organic phase was studied in these experiments. An inert
environment was maintained by sparging nitrogen for 6 minutes prior to all experiments.

3. Results and discussion

3.1. Iron dissolution - aqueous phase

As indicated previously, it was desirable to know the extent o f iron dissolution when it
is in contact with an aqueous solution, which represents the stripping phase during the
simultaneous processing. Figure 1 shows the increase in F e+2 concentration and pH with
time.
With nitrogen sparging the iron concentration reached more than 1 g/1 in one hour, and
hydrogen ion reduction was the cathodic step. In the dissolution tests performed with air
contact but no gas sparging (som e oxygen was already dissolved) and in the presence o f
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oxygen the iron concentration reached 1.7 and 3 .9 g/1 in one hour respectively. The
substantial decrease in dissolution rate after one hour may be explained due to the
absence o f oxygen which could be consumed by the reaction. As expected, the
dissolution rates were significantly higher when oxygen was present than with a nitrogen
environment. The oxygen probably acts as a cathodic depolarizer which accelerates the
oxidation o f the iron metal. The rates o f iron dissolution and corresponding change in pH
are plotted in Figure 1.

3.2. Iron dissolution - organic phase

3.2.1. Iron dissolution in 10 V% D2EHPA in kerosene. When iron powder was put in
contact with 10 V% D2EHPA in Fisher kerosene almost no dissolution occurred in three
hours unless a small quantity o f water was present. Even the sparging o f oxygen for six
minutes prior to the experiment did not improve the iron dissolution rate. Hydrogen
evolution was not observed in these experiments, however in previous similar
experiments zinc did react [4]. Obviously, the spontaneous reaction o f the metal in the
organic is dependent on its relative reactivity and hydrogen overpotential [7].

3.2.2. Effect o f water. The results showed that no iron dissolved unless the organic was
first contacted with water or a drop o f water was added prior to testing. Thus none o f
the other variables such as D2EHPA concentration, temperature, agitation, oxygen or
nitrogen sparging or metal area were significant until the reaction was initially catalyzed.
Only then these other operating parameters influence the rate o f iron dissolution. When
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the organic was contacted with different A/O ratios, the iron dissolution reached more
than 4 g/1 in one hour. The direct addition of small amounts of water (i.e. 1 drop)
produced similar results and around 4 g/1 of Fe could also be dissolved in one hour. As
a result water was contacted at an A/O ratio of 1/2 for 10 minutes prior to all the other
experiments in which other variables were evaluated.
The role of water in the iron dissolution is obviously of critical importance but the
mechanism involved is not clear. Possibly the water is acting as an intermediate in which
the oxidation of Fe to Fe+2 and from Fe+2 to Fe+3 in the presence of oxygen occurs.
Another possibility is that water is only acting as a catalyst to modify the organic
structure which in turn accelerates the iron dissolution. Since iron dissolution appears to
be governed by an electrochemical mechanism, the water may also assist in the initial
removal of any passivating oxide films present on the iron surface. However, additional
fundamental studies on the process are necessary to identify the mechanisms involved.

3 .2 .3 . E ffect o f F e +3 concentration.

When nitrogen was sparged prior to the experiment,

iron dissolution did not occur. This indicates that even in the presence of Fe+3 ions and
some water from the loading stage it is necessary to have oxygen in order the dissolution
to occur. On the other hand, Figure 2 clearly shows that the rate of iron dissolution
increases dramatically until around 6 g/1 when no nitrogen was sparged and then stops
possibly due to D2EHPA saturation. The rapid iron dissolution may be explained due to
the presence of Fe+3 ions, some soluble water from the loading stage (solubility of water
in D2EHPA is 2.4%) and to the oxygen dissolved present in the organic. Therefore, the
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F e+3 ions, water and oxygen could be the factors for the oxidation o f F e to Fe+2 and
from F e+2 to F e+3 which is easily loaded into the organic phase.

3.2.4. Effect ofD2EHPA concentration. Iron is dissolved over a w ide range o f D2EHPA
concentration in Fisher kerosene (from 2.5 V% to 40 V%) as shown in Figure 3. For
a concentration o f 2.5 V % D2EHPA, 2 .9 g/1 o f iron was dissolved and a maximum o f
about 5.5 g/1 is reached at 7.5 V% D2EHPA. A s the D2EHPA increases the iron
dissolution again dim inishes.

3.2.5. Effect o f agitation. The purpose o f these experiments was to evaluate the effect
o f bulk solution agitation on the process. Iron dissolution in 7.5 V% D2EHPA was
strongly dependent o f the degree o f agitation, as seen from Figure 4 , indicating that this
is a diffusion controlled process. Only 1.2 g/1 F e dissolved at low speed compared to 4.1
g/1 Fe at high speed.

3.2.6. Effect o f su rf ace area. A linear increase in dissolution rate with surface area is
observed from the results shown on Figure 5. A maximum o f about 5 g/1 F e+3 was
dissolved when 24 cm2 o f Fe powder was used. The concentration remained stable at
around 5 g/1 F e+3 even with further increases in surface area, probably due to organic
saturation.

3 .2 . 7. Effect o f oxygen and nitrogen. The influence o f sparging oxygen or nitrogen into
the D2EHPA prior to the experiment was also studied. When nitrogen was sparged no
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reaction occurred. On the other hand, when oxygen was sparged into the organic the iron
dissolution increased, reaching a maximum with 30 seconds sparging as Figure 6 shows,
but further increases in oxygen sparging caused a decrease in the iron dissolution. Two
minutes of oxygen sparging was sufficient to almost completely stop the reaction.
Therefore, it appears that both water and oxygen must be present initially for the reaction
to occur. It is possible that oxygen is acting as a depolarizer, forming water in the
presence of hydrogen ions until a certain level (one minute of oxygen sparged). Then,
a passivation of the iron powder or a different organic structure may occur in the
presence of an oxygen excess and the reaction is stopped.

3 .2 .8 . E ffect o f tem peratu re.

The influence of temperature on iron dissolution is shown

in Figure 7. The results indicate that the iron dissolution is a diffusion-controlled process,
which is in agreement with the results obtained in the evaluation of the agitation. The
activation energy was found to be 2.2 kcal/mole, which is characteristic of a diffusion
process as seen from Figure 8.

3 .3 . E xperim en tal design

The experimental design followed the principles established by Murphy [8] and
calculations were made with the help of DESIGN-EASE software [9].
The calculated main effects are shown in Table 2 and Figure 9 depicts the cube plot
of the predicted values of the iron concentration (g/1).
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Table 2 shows that all the effects are significant. According to the results, temperature,
surface area and agitation have a positive influence on the iron dissolution (0 .6 0 , 1.28,
and 1.88 g/1 respectively). However, agitation has the strongest positive influence, again
indicating that the process is a diffusion-controlled which is in agreement with the
previous results. It is also shown that an increase in D2EHPA concentration from 5 to
20 V% had a slight negative effect (-0.25 g/1) on the iron dissolution, possibly due to the
increased viscosity o f the organic with the concentration. The final equation in terms o f
the uncoded variables was:
F e Concentration (g/1) = 0.58 - 0.11 D - 0.02 T -I- 0.09 SA

+

0 .2 9 G

where D is the D2EH PA concentration, T the temperature, SA the surface area and G
the agitation variables.

3.4. Iron dissolution - combined phases

3.4.1. Simultaneous iron dissolution in mixed HCl(ag) and 10 V% D2EHPA phases. Table
3 and Figure 10 show that the highest iron dissolution rates in the aqueous phase were
obtained at 30 minutes.
The total iron dissolution in the organic and aqueous phase was much higher than the
iron dissolution in the acidic aqueous phase alone (5 g/1 HC1) due to the presence o f
hydrogen ions from D2EHPA (see Figure 1). It seem s that metallic iron is dissolved as
F e+2 in the aqueous phase and then it is oxidized to F e+3 in the presence o f oxygen and
loaded into the organic phase. Table III and Figure 10 show the strong effect o f oxygen
on the simultaneous dissolution o f iron in the aqueous and organic phase. It is worthwhile
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to mention that some iron was also dissolved into the aqueous phase (0.4 g/1 in 30
minutes) when nitrogen was sparged for 6 minutes, which may indicate that some oxygen
was present in the system.
The H + ion content in the aqueous solution of HC1 was higher when nitrogen was
sparged into the phases, which indicates that the hydrogen evolution cathodic reaction did
not occur as much as in the presence of oxygen. Also, lower pH values were obtained
when 10 V% D2EHPA was present in the system (see Figures 1 and 10). These lower
pHs results may be explained by noting that D2EHPA is an acidic extractant and is easily
deprotonated to form an anion [10]. This hydrophobic anion may chelate the Fe+3 ions
to pass into the aqueous phase.

3 .4 .2 . Sim u ltan eou s iron dissolu tion in m ixed H C l(aq) a n d 1 0 V% D 2E H P A lo a d e d with
F e +3.

The iron concentration for the aqueous phase (plotted in Figure 11) comes from

two sources: the dissolution of the iron metal and the stripping of the reduced Fe+2 from
the organic phase. The presence of oxygen significantly accelerates the oxidation of Fe+2
to Fe+3 in the aqueous phase which in turn can be re-extracted into the D2EHPA phase.
The hydrogen ions are then released into the aqueous phase, lowering the pH in the
presence of oxygen.
Since the efficient removal of Fe+3 from the organic phase is the goal of the galvanic
stripping process, the presence of oxygen sparged in the system is highly undesirable.
The organic plot of Figure 11 shows that when oxygen is sparged does not remove Fe+3
from the organic; it increases its concentration. Even though oxygen is necessary to
initially dissolve the metallic iron, an excess of it makes the process very inefficient.
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Moreover, it is seen in Figure 11 (organic phase) that when no gas was sparged Fe+3
could not be removed from the organic; its concentration remained constant at 3.1 g/1
during 3 hours. This may be an indication that some oxygen was already dissolved in the
phases and was responsible for its bad performance. On the other hand, the same Figure
shows that an environment provided by 5 minutes of nitrogen sparged prior to the
experiment is necessary to reduce Fe+3 to Fe+2 in the organic, to strip it into the aqueous
phase and to prevent its re-oxidation. More than 80% of Fe+3 could be removed from
the organic in 3 hours.

3 .4 .3 . Sim ultaneous iron dissolu tion in m ixed H C l(aq) a n d 1 0 V% D 2E H P A p h a s e s a t
differen t tem peratu res.
a) N o F e +3 in organ ic.

Figure 12 shows that there was a significant difference in the iron

dissolved into the aqueous phase with the change of temperature. On the other hand, the
iron concentration in the organic phase was low (around 0.05 g/1 Fe) and almost no
difference was observed with the increase in temperature. This probably occurred
because the reduction of Fe+3 was occurring simultaneously. A calculation of the
activation energy gave 9.8 kcal/mole for the iron dissolution in the aqueous phase.
However, it has to be pointed out that some Fe+3 may have been passed to the organic
phase, reduced to Fe+2 and stripped into the aqueous phase. In consequence, the value
of the activation energy may not truly indicate the correct controlled process. The pH did
not increase as much as expected due to the absence of oxygen.

71

b ) W ith F e+3 in o rg a n ic .

The rate of iron dissolution in the aqueous phase increases when

the temperature increase as seen from Figure 13. A maximum iron dissolution rates of
4.2xl0~2, 6.3xl0'2 and l.lx lO '1 mg/cm2.min were obtained at 15 minutes for 15, 25 and
35 °C respectively. The calculated activation energy was 7.6 kcal/mole, which may
suggest a mixed-control process for the dissolution of iron in the aqueous phase in the
presence of 10 V% D2EHPA and Fe+3. It is observed from the comparison of the iron
concentration versus time plots of Figures 12 and 13 that more Fe+2 is present in the
aqueous phase when Fe+3 was initially present. The reason for this may be that at these
conditions Fe+3 from the organic phase is reduced and stripped into the aqueous phase
and also that more iron metal may be dissolved into the aqueous phase. This may indicate
that the reduction of Fe+3 is acting as the cathodic reaction instead of the oxygen
reduction in the system serving the same function. It was also observed that higher pH
values were obtained in the presence o f Fe+3 ions. This is explained due to the stripping
reaction that occurs in this process which spent H + ions from the aqueous phase in its
reaction.
From the organic phase plot of Figure 13, it is seen that Fe+3 is being removed from
the phase. An increase in temperature in an inert environment (nitrogen sparged) helps
the iron removal. Care must be taken in providing the proper amount of acid to the
aqueous phase to maintain a low pH, otherwise oxidation of Fe+2 and F e+3 reloading of
the organic may occur. This is observed in the same plot at 35 °C after 90 minutes of
galvanic stripping.
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4. Conclusion

Metallic iron dissolves in D2EHPA only if a small amount of water is present. The water
may be present either through contact of the organic with an aqueous phase or by the
direct addition of a few drops of water.
In addition to the presence of water, the iron dissolution is very sensitive to the
presence of oxygen gas. In an inert environment iron dissolution is negligible in the
aqueous or organic phase or in the phases combination. A small amount of extra oxygen
improves the iron dissolution rate and then a further increase is deleterious for the
process.
Iron dissolves faster at 7.5 V% of D2EHPA concentration. Agitation and surface area
have a strong positive effect on iron dissolution. Temperature has a slight influence on
iron dissolution. It appears that iron dissolution is a diffusion-controlled process
(activation energy was 2.2 kcal/mole).
In the presence of the combined aqueous and organic phases, metallic iron dissolution
is greatly influenced by oxygen, nitrogen, initial Fe+3 content and by temperature
changes.
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Figure 1. Iron dissolution in an aqueous solution of HC1 of 5 g/1. Iron powder -100 mesh
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Figure 2. Iron dissolution in 10 V% D2EHPA in kerosene loaded with Fe+3. A/O ratio
of loading stage 1/1.
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Figure 3. Effect o f D2EHPA concentration on iron dissolution in one hour. Organic was
previously contacted with water at an A/O ratio o f 1/2 for 10 minutes.

Fe Concentration (g/1)
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Figure 4. Effect of shaking agitation speeds on iron dissolution in D2EHPA. Organic
was previously contacted with water at an A/O ratio of 1/2 for 10 minutes.
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Figure 5 . Effect o f iron surface area on iron dissolved in 30 minutes in 7 .5 V%
D2EHPA in kerosene. Organic was previously contacted with water at an A/O
ratio o f 1/2 for 10 minutes.

Fe Concentration (g/1)
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Figure 6. E ffect o f nitrogen and oxygen sparged prior to the experim ent in 7 .5 V%
D2EHPA in kerosene on Iron dissolution in one hour. Organic was contacted
with water at an A/O ratio o f 1/2 for 10 minutes.

Fe Concentration (g/1)
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Figure 7. Effect o f temperature on 7.5 V% D2EHPA in kerosene. Previous water
contact o f the organic at an A/O ratio of 1/2 for 10 minutes.

log k (cm/s)
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Figure 8. Arrhenius plot o f iron dissolution in 7.5 V % D 2EH PA in kerosene (previously
contacted with Water)
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Figure 9. Cube plot o f predicted iron concentration values o f the iron dissolution
experimental design. The organic was previously contacted with water in every
experiment. N o gases were sparged, reaction tim e 1 hour.
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Figure 10. Simultaneous iron dissolution in mixed HCl(aq) and 10 V % D2EHPA phases.

Fe Concentration (g/1)

Fe Concentration (g/1)
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Figure 11. Iron dissolution in mixed HCl(aq) and 10 V% D2EHPA loaded with Fe+3.

Fe Concentration (g/i)

85

F igu re 1 2 . Iron dissolution in m ixed HCl(aq) and 10 V% D 2E H PA phases at different
temperatures.

Fe Concentration (g/1)

Fe Concentration (g/1)
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Figure 13. Iron dissolution in mixed HCl(iq) and 10 V% D2EHPA loaded with Fe+3 at
different temperatures.
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TABLE 1. Uncoded Levels and Iron Concentration Response of Iron Dissolution
Experimental Design
Run
Number

D2EHPA
%
A

Temp.
°C
B

Surface
Area (cm2)
C

Shaker
Agitation
D

Response
Fe (g/1)
R

1

5

15

5.9

1

0.83

2

20

15

5.9

9

1.71

3

5

35

5.9

9

2.97

4

20

35

5.9

1

1.28

5

5

15

17.7

9

4.09

6

20

15

17.7

1

1.52

7

5

35

17.7

1

1.95

8

20

35

17.7

9

4.33

9

12.5

25

11.8

5

3.80

10

12.5

25

11.8

5

3.74

11

12.5

25

11.8

5

3.74

TABLE 2. Main Effects of the Iron Dissolution Experimental Design
VARIABLES EXPERIMENTAL
DESIGN

MAIN EFFECTS Fe (g/1)

A: D2EHPA Concentration (%V)

-0.25 ± 0 .1 1

B: Temperature (°C)

0.60 ± 0.11

C: Surface Area (cm2)

1.28 ± 0.11

D: Shaking Agitation Speed

1.88 ± 0.11

AD: D2EHPA Cone.-Agitation

-0.26 ±0. 11

AC: D2EHPA Cone.-Surf. Area

0.16 ± 0.11

AB: D2EHPA Cone.-Temperature

0.60 ±0. 11
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TABLE 3 Highest Fe Dissolution Rates and Concentrations in the Aqueous And
Organic Phases

(mg/cm2.min)

Fe Cone.

AQUEOUS

ORGANIC

AQUEOUS

Nitrogen

2.4xl0-2

8 .5 x l0 4

0 .40

0.03

None

9.4xl0-2

1.5xl0'2

1.66

0.54

Oxygen

1.6x101

7 .1 x ia 2

2 .77

2 .50

GAS
SPARGED

RATES

(g/1)
ORGANIC

89

THE DISSOLUTION OF METALLIC ZINC IN DI-(2-ETHYLHEXYL)
PHOSPHORIC ACID

LUIS M. CHIA, MANUEL P. NEIRA and THOMAS J. O’KEEFE
Department o f Metallurgical Engineering
University o f M issouri-Rolla
Rolla. MO 65401 (USA!

ABSTRACT

The direct dissolution o f zinc in an organic solution o f di-(2-ethylhexyl) phosphoric acid
and kerosene was studied to gain a better understanding o f the fundamentals involved in
the anodic step o f the galvanic stripping process. It was found that metallic zinc dissolved
spontaneously at ambient conditions by an electrochemical process and that the presence
o f additional oxygen activated the process. When oxygen was removed by prior nitrogen
sparging, dissolution did not occur. The concentration o f water in the organic also
affected the rate o f dissolution. A factorially designed experiment was made using four
variables at two levels selected by evaluating results from previous screening tests.
D2EHPA concentration, surface area and agitation were all found to be significant for
the values chosen. Temperature was less significant and it was found that zinc dissolution
is probably a diffusion-controlled process as indicated by the calculated activation energy
o f 6 kcal/m ole.
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INTRODUCTION

The solvent extraction process is a w ell established technique for the recovery treatment
o f copper, uranium, zinc and other non-ferrous metals [1 ,2 ,3 ,4 ,5 ,6 ]. The high degree o f
selectivity it provides also makes it an attractive processing technique for many o f the
existing wastes [7,8] which are o f environmental concern.

Galvanic stripping is a new methodology which is proposed to supplement standard
solvent extraction techniques by providing an electrochemical alternative to conventional
chem ical stripping o f the organic. The concept has proven to be very feasible at lab, pilot
and even on a sm all industrial scale [9,10,11,1 2 ,1 3 ,1 4 ,1 5 ]. Sim ply stated, the galvanic
stripping process uses a solid metal reductant which provides an electrochem ical driving
force to reduce the metal ion impurities directly from the organic solution. Stripping or
removal o f these inorganic impurities in their reduced states can then be easily
performed.

One metal that has been proven to be a very suitable solid metal reductant in D2EHPA
is zinc [10,11,12], Therefore, an evaluation o f the dissolution behavior o f zinc in the
organic medium (D2EHPA in kerosene) is desirable in order to better understand the
mechanism o f the anodic step in the electrochemical reaction. Although extensive studies
have been made on zinc dissolution in aqueous solutions [16,17] similar evaluations have
not been conducted in organic phases o f the types used in solvent extraction.
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A study o f zinc dissolution in D2EHPA in kerosene was made and the effects o f different
parameters such as oxygen and nitrogen sparging, water content, temperature, agitation,
particle size, surface area and zinc surface activation were evaluated.

EXPERIMENTAL

A ll the experiments were performed using di-(2-ethylhexyl) phosphoric acid provided by
Albright & Wilson with Fisher kerosene as the diluent. Most o f the experiments were
made using a coarse Special High Grade zinc (SHG) o f around 100 mesh size provided
by Big River Zinc Company, Sauget, II..

The zinc analyses o f the organic solutions were made using a Portaspec X-ray fluorescent
analyzer while the aqueous solutions were analyzed by atomic absorption. Agitation of
solutions was provided by a magnetic stirrer in most of the experiments, but a wristaction shaker was also used.

In general, the organic solution contained 15 V% D2EHPA in kerosene. A solution
volume o f 20 ml and 0.1 g o f zinc powder in 100 ml volumetric flasks were used in
every experiment. When appropriate, nitrogen or oxygen was bubbled into the organic
solutions for an specified amount o f time prior to the experiment. After the zinc powder
was added into the organic solution the beaker or the volumetric flask was immediately
capped to isolate it from the environment. For some experiments the gases were
continually sparged during the experiment.
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The studied variables were:
E ffect o f water
E ffect o f water additions. D ifferent percentages o f water (0.1 2 5 , 0 .2 5 , 0 .5 and 1 V% o f
water) were added to 10 V% D2EHPA in kerosene in tw o sets o f experim ents performed
for 1 and 3 hours. In every test, 10 ml o f organic were placed in a 100 ml volum etric
flask and no gases were sparged. Although the flasks were capped it is assumed that
som e oxygen from the air was present.
E ffect o f nitrogen and oxygen in the presence o f water. In one set o f experim ents, each
flask containing 20 ml o f 15 V% D2EHPA in Fisher kerosene was contacted with water
at an aqueous/organic ratio o f 1/1 for 30 minutes. The phases were separated, and
nitrogen w as then sparged into the organic solution for various tim es before adding 0 .2
g o f SHG zinc powder. A magnetic stirring bar provided agitation at room temperature
for the three hour tests.
E ffect o f oxygen and nitrogen sparging
Oxygen pre-treatment. Two sets o f experim ents, with and without oxygen sparging, at
different D2EH PA concentrations were made using 0.1 g o f SHG zinc in an agitated
reactor for two hours. N o water was contacted with the organic.
Nitrogen pre-treatment. In each experiment, 20 ml o f 15 V% D2EHPA was used.
Nitrogen was sparged into the solution prior to the experim ent and then, 0.1 g o f SHG
zinc powder was added. M agnetic stirring was provided during the three hour tests.
Reaction activation. In these experiments zinc dissolution was measured in 10 V%
D2EHPA at various tim es after either treating the organic with oxygen or nitrogen. Ten
ml o f 10 V% D2EH PA, 0.1 g o f SHG zinc powder were used in the experim ents. To

93

evaluate activating the zinc dissolution, nitrogen w as sparged for fiv e m inutes prior to
the experim ent. A fter one hour o f reaction the stirring w as stopped and oxygen w as
sparged for on e m inute and the agitation w as continued. In a separate flask the nitrogen
sparging w as continued and no oxygen w as introduced.
C ontinuous oxygen and nitrogen sparging. Three tests w ere m ade to determ ine the effe ct
o f sparging oxygen or nitrogen continuously throughout th e experim ent on zinc
d issolu tion . S olu tion s o f 200 m l o f 15 V% D 2E H PA in Fisher kerosen e, 10 g/1 o f SH G
zin c using a m agnetic stirrer and 6 hours retention tim e w ere used.
E ffect o f D 2E H PA concentration
A series o f tests w as perform ed to determ ine the effe ct o f D 2E H PA concentration on zinc
m etal d issolu tion . T hese experim ents w ere run for tw o hours at am bient tem perature in
w hich neither w ater nor oxygen w ere deliberately added.
E ffect o f agitation
T he relative effe ct o f agitation on zinc dissolution rate w as a lso evaluated using a
m agnetic stirrer set at slow , m edium and high speeds. An organic solution o f 10 V%
D 2E H P A in F isher kerosene and zinc pow der o f -6 0 + 1 0 0 m esh size w ere used at room
tem perature and no gases w ere sparged during or prior to experim ent.
E ffect o f tem perature
T h e rates o f zinc dissolution w ere determ ined at 15, 25 and 35 °C . In this case 2 0 0 ml
o f 10 V % D 2E H P A in Fisher kerosene, 4 g o f zinc pow der SH G and m agnetic agitation
w ere used.
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E ffect o f particle size
The influence o f particle size on zinc dissolution was studied using 150 ml organic
solution o f 10 V% D2EHPA. Magnetic agitation was provided to the solution and 1.5
g o f SHG zinc powder was used in the one hour experim ents.
D esign experim ents
A screening test consisting o f 8 experiments plus three center point replicates for 4
process and 3 dummy variables were used in this evaluation. The mathematical model
was found using statistical DESIGN EASE SOFTWARE [20], Table I shows the uncoded
levels o f the variables evaluated: D2EHPA concentration, temperature, surface area and
agitation.

RESULTS AND DISCUSSION

Effect of water

Effect of water additions. The purpose o f this experim ent was to determine the
influence o f low concentrations o f water on the zinc dissolution rates. The water content
o f the organic was found to be very significant for zinc dissolution as shown in Figure
1. A s the water content increased, zinc dissolution decreased from 3 .4 g/1 to 0 .4 g/1 for
the 3 hour tests. A similar trend was noted for the 1 hour tests; the exception being when
no additional water was present. The difference was thought to be due to an induction
period required to initiate zinc dissolution in the absence o f water. This was corroborated
by a test run for 3 hours in the absence o f water at which it w as seen that zinc started
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to d issolve significantly only after about 1 hour. On the other hand, in the presence o f
0 .1 2 5 V% o f w ater, no induction period was observed.

T he negative effect o f water on the zinc dissolution rate m ight be due to the formation
o f a passivating film [18] resulting from the initial cathodic reaction w hich alters the
local pH by

2 H20

+

02

+

4 e'

=

4 OH'

(4)

It is also possible that water m ay interact with the organic at the m etal surface and alter
the structure in a manner to m odify the reaction sequence, but additional analytical
studies are needed in this area.

Effect o f nitrogen and oxygen in the presence of water. Som e prelim inary tests were
made to determ ine the apparent effects o f the relative oxygen content o f the organic at
different water concentrations. From Figure 2 , the inhibiting effect o f excess water
contact and nitrogen sparging is observed. The decrease o f zinc dissolution w ith nitrogen
sparging in both, the presence or absence o f water and when com pared to the previous
results shown in Figure 1, stressed the importance o f oxygen in the reaction. Additional
tests w ere then made by sparging oxygen into the organic for various tim es in the
presence o f water. The zinc dissolution increased from 1.4 g/1 Z n+2 in the absence o f
oxygen to 2 g/1 Zn+2 when oxygen was sparged for 1 minute.
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In conclusion, the presence o f water appeared to decrease zinc dissolution but the oxygen
content w as also important to the overall reaction rate.

E ffect o f oxygen and nitrogen sparging

O xygen pre-treatm ent. The purpose o f these experiments was to study the effect o f
pre-treating the organic with oxygen for 30 seconds prior to zinc dissolution. Oxygen
caused the zinc dissolution rate to increase nearly 50% at D2EHPA concentrations below
20 V%. It is possible that aggregation o f the extractant or increased viscosity at higher
D2EHPA concentrations does not permit the oxygen to properly activate the zinc
dissolution.

N itrogen pre-treatm ent. The effect o f nitrogen pre-treatment o f the organic on zinc
dissolution was also evaluated. It is assumed that nitrogen sparging into the organic
solution rem oves some oxygen from the organic. Results showed that zinc dissolution
was not appreciably affected up to three or four minutes o f nitrogen sparging; however
the reaction rates decreased from about 3 g/1 to 0 .6 g/1 zinc as the tim e o f nitrogen
sparging increased to ten minutes. These results corroborate the previous finding that
oxygen rem oval (nitrogen gas sparging) decreases the zinc dissolution rate.

Reaction activation. Once the importance o f oxygen on zinc dissolution was illustrated
attempts were made to see if the activation process could be controlled. Curves 1 and 2
in Figure 3 show the results and clearly indicate that the reaction is initiated only if
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oxygen is available for the cathodic step. In a separate test an attempt was made to
reverse the sequence. The same procedure was follow ed, except that one minute o f
oxygen was sparged prior to the experiment and after one hour nitrogen was sparged for
five m inutes. Curves 3 and 4 in Figure 3 show that the reaction was passivated when the
oxygen was rem oved.

A s seen in Figure 3 almost no zinc dissolved in 3 hours in the absence o f oxygen. On
the other hand, when oxygen was sparged the rate increased to give 3 g/1 in 1 hour o f
reaction tim e. Gas bubbles were observed on the zinc surface in the experim ents and
w ere assumed to be due to hydrogen evolution; however the zinc dissolution activation
by oxygen suggests that water formation is also a possibility. Therefore the suggested
zinc dissolution reactions would be:
2 H+
02

+

+

4 H+
Z n+2

+

2 e+

=

4 e'
2 e'

=

H2
=

(cathodic)
2 H20

Zn°

(1)

(cathodic)
(anodic)

(2)
(3)

with som e combination o f reactions (1) and (2) giving the best overall rate.

Continuous oxygen and nitrogen sparging. Figure 4 shows that with continuous oxygen
sparging, the rate o f zinc dissolved increased significantly (m ore than 10 g/1 o f Zn+2 in
2 hours compared to less than 1 g/1 o f Zn+2 when no gas was sparged). H ow ever,
eventually the rate o f the latter began to increase, indicating once again that an induction
tim e is required to initiate the reaction. Substantial gas evolution was observed as the
reaction occurred. Therefore it seems the depolarizing effect o f the oxygen assists the
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overall zinc dissolution and allows the primary hydrogen evolution step to continue. Also
it seems that a lack o f oxygen (nitrogen sparging test) almost completely eliminates zinc
dissolution, indicating that the overpotential for hydrogen evolution under these
circumstances is too high to allow the reaction to initiate.

Effect o f D2EHPA concentration

A distinct maximum in the D2EHPA concentration occurs at about 10 V% with sharp
decreases occurring with both higher and lower contents as shown in Figure 5. It is
possible that solvent phase aggregation was occurring at the higher concentrations, which
affects the loading capacity of the solvent, and reduces the availability o f the proper type
or concentration o f the extractant available for complexation o f a soluble metal species.

Effect o f agitation

As shown in Figure 6 a substantial increase in the rate o f zinc dissolution takes place
with increased stirring suggesting that diffusion is involved in the mechanism for zinc
dissolution. The initial slow reaction rate may be due to an induction period to activate
the zinc particles, but the exact reason for the delay is not known.
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Effect of temperature

An increase in temperature yielded a slight increase in the zinc dissolution rate as seen
from Figure 7. Using the Arrhenius expression, an activation energy o f 6.0 kcal/m ole
was calculated which is consistent with a diffusion-controlled process as indicated
previously.

Effect of particle size

The

results

follow

first-order

reaction

kinetics

according

to

the

equation

log[Zn+2],/[Zn+2]0 = a + b(time) in the interval 15 to 60 minutes as shown in Figure 8.
The reaction rate constants calculated for that range were 1.5x10^, 1.2x10^, 1.4x10^ and
1.2x10"* cm /s for the -20 + 6 0 , -60 + 100, -100 + 200 and -200 + 325 mesh sizes
respectively. Once again, the initial rates after about 15 minutes were lower and the exact
reason for this was not determined, but might be related to the presence o f surface oxides
or other passivating film s.

Design experiments

An experimental design as described by Murphy [19] was used to estimate the
significance o f the main effects and their interactions and to provide a mathematical
model for the reaction. Table 1 shows the response variable, zinc concentration in g/1.
The calculated main effects are presorted in Table 2 and predicted values o f the
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significant effects as w ell as the interaction are depicted in Figure 9.

Each experiment was conducted using 10 ml o f 10 V% D2EHPA in kerosene in a 100
ml volumetric flask. Zinc powder was poured into the organic solution and agitation was
provided with a wrist-action shaker. The flasks were immersed in a constant water bath
at the desired temperature. No gases were sparged and the experiments were conducted
for 1 hour.

A ll the variables and interactions were found to be significant. An increase from the low
to the high level in surface area and agitation w ill increase the zinc dissolution in 1.03
and 0.53 g/1 Zn+2 respectively. On the other hand the negative values o f D2EHPA
concentration and temperature (-1.15 and -0.50 g/1 Zn+2) indicate a deleterious effect on
the dissolution o f zinc. However, it was demonstrated before (effect o f temperature) that
although the temperature effect was not particularly significant it did not affect the zinc
dissolution negatively. It is possible that the strong negative effect o f D2EHPA
concentration and the strong positive effect o f surface area overwhelm the temperature
effect, making it negative. The final expression relating zinc dissolution considering the
significant variables and their interactions was

Zn Cone (g/1) = - 0.03 - 0.01 D - 0.08 T + 0.55 SA + 0 .18 G
- 0.03 D x SA - 0.01 D x G

where D is the D2EHPA concentration, T the temperature, SA the surface area and G
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the agitation. T he predicting values for the com binations o f the low and high le v e ls o f
the sign ifican t variables stresses their influence on zinc dissolution as they are depicted
in the cube plot o f Figure 9. The square p lot o f the sam e data show s that at high
D 2E H PA concentration the interaction effect is stronger, w hich indicates that at th is level
the corresponding m ain effects have little practical m eaning.

C O N C L U SIO N S

1.

M etallic zinc can b e spontaneously dissolved in D 2E H P A /kerosene solutions by an
electrochem ical m echanism and both w ater and oxygen influ en ce the rate. The
m axim um rate is obtained when oxygen is sparged continuously throughout the
experim ent. E xcess w ater can cause passivation and decrease reaction rates.

2.

A n optim um D 2E H PA concentration (10 V% ) exists for zin c pow der dissolution.

3.

Surface area and agitation are both significant variables w hich cause an increase in
zin c m etal dissolution.

4.

Z inc dissolution in D 2EH PA appears to b e a diffusion-controlled process w ith an
activation energy o f 6 kcal/m ole.

5.

N itrogen gas sparging decreases zinc dissolution, probably because it causes a
decrease in the oxygen content o f the organic.
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Figure 1. E ffect o f water content in 10 V% D2EHPA in kerosene on zinc dissolution
for reaction tim es o f (1) one hour and (2) three hours. N o prior gas sparging.

Zn Concentration (g/1)
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Figure 2. Effect o f nitrogen sparging prior to the experiment on zinc dissolution in 15
V % D2EHPA in kerosene. (1) no previous water contact and (2) organic was
previously contacted with water for 30 minutes.

Zn Concentration (g/1)

106

Reaction Time (min)

Figure 3. Activation and passivation of zinc dissolution in 10 V% D2EHPA by oxygen
or nitrogen sparging prior to the experiment. N o water was added.

107

Figure 4. Effect of oxygen and nitrogen sparging in 15 V% D2EHPA in kerosene
throughout all the experiment. Temperature 25 °C, magnetic stirring and no
water was added. (1) oxygen sparging, (2) no gas sparging and (3) nitrogen
sparging.
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Figure 5. Effect of D2EHPA concentration on zinc dissolution in two hours. Dissolution
time 2 hours, magnetic stirring, zinc surface area 24 cm2 at 25 °C. No water
or oxygen were added.

Dimensionless Concentration [Zn+2]t/[Zn+2]
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Figure 6. Effect of stirring speeds on zinc dissolution in 10 V% D2EHPA in kerosene.

No water or oxygen were added. Temperature 25 °C. [Z n +\ and [Zn+2]c are
the zinc concentrations at the t and the initial times respectively. (1) slow, (2)
medium and (3) fast.

log Zn Dissolution Rate Constant, k (cm/s)
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Figure 7. Arrhenius plot for zinc dissolution in stirred 10 V% D2EHPA in kerosene.
Dissolution time 1 hour, no water or oxygen were added.

Ill

Figure 8. Effect of zinc particle size on zinc dissolution in 10 V % D2EHPA in kerosene.

No water or oxygen were added. [Zn+2]t and [Zn+2]c are the zinc
concentrations at the t and the initial times respectively.
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Figure 9. Cube plot of predicted values for the main effects and square plot of the
interaction D2EHPA concentration - surface area. No water or oxygen were
added.
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Table 1. Uncoded Levels and Zinc Concentration Response of Experimental Design.
Run
Number

V%
D2EHPA
A

Temper.
°C
B

Surface
Area
C

Agitation
D

Response
Zn (g/1)
R

1

5

15

3.0

1

0.48

2

20

15

3.0

9

0.07

3

5

35

3.0

9

0.42

4

20

35

3.0

1

0.26

5

5

15

7.5

9

3.46

6

20

15

7.5

1

0.26

7

5

35

7.5

1

1.22

8

20

35

7.5

9

0.39

9

12.5

25

5.3

5

0.34

10

12.5

25

5.3

5

0.39

11

12.5

25

5.3

5

0.36

Table 2. Main Effects of the Experimental Design
VARIABLES EXPERIMENTAL
DESIGN

MAIN EFFECTS Zn (g/1)

A: D2EHPA Concentration (V%)

-1.15 ± 0.08

B: Temperature (°C)

-0.50 ± 0.08

C: Surface Area (cm2)

1.03 ± 0.08

D: Agitation

0.53 ± 0.08

AD: D2EHPA Concen.-Agitation

-0.56 ± 0.08

AC: D2EHPA Concen.-Surface Area

-0.87 ± 0.08

AB: D2EHPA Concen.-Temperature

0.66 ± 0.08
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DISSOLUTION O F METALLIC Pb AND Cd IN DI-2-ETHYLHEXYL
PHOSPHORIC ACID (D2EHPA)

LUIS M. CHIA, MANUEL P. NEIRA and THOMAS J. O’KEEFE
Department of Metallurgical Engineering
University of Missouri-Rolla
Rolla. Mo 65401 OJSA1

ABSTRACT

The self dissolution of lead and cadmium in D2EHPA was studied. The primary
objective of the research was to gain some insight into the anodic step of the galvanic
stripping of metals ions from organic solvents. Several parameters such as water content
in the organic, oxygen and nitrogen sparging, metal particle size, organic concentration,
agitation, and temperature were evaluated. Both metals were soluble but only when a
certain amount of water was present in the organic. Lead dissolution is not sensitive to
excess water, however an optimum concentration is required for cadmium dissolution,
with passivation occurring as the water content increases.
Activation energies were determined and indicate that the dissolution of lead may be
controlled by mass transfer while the cadmium mechanism changed from diffusion to
chemical control with increasing temperature.
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INTRODUCTION

Solvent extraction (SX) processing is relatively new to extractive metallurgy being
first used in the uranium industry in 1955 [1]. Since then it has expanded into the
recovery of base metals such as Cu, Ni, Ag-Au, Zn, as well as for the recovery of
metals from hazardous wastes and other environmental applications [2-5]. From all
indications, solvent extraction will continue to grow in importance in numerous areas of
metal extraction technology.
SX involves the selective mass transfer of metal species from an aqueous phase into
the organic extractant. The phase transfer process maintains electrical neutrality by
transferring neutral molecules or by the exchange of ions between both liquids phases
[1]. Since the metals exist in the aqueous solution as hydrated ions, the transfer is
associated with the removal of some or all the water of hydration by molecules or ions
of the extractant [1,6]. An organic that is commonly used in the extraction of metals
from aqueous solution is di-2-ethylhexyl phosphoric acid (D2EHPA), with kerosene as
the diluent. The selectivity of D2EHPA is controlled by adjusting the pH of the aqueous
solution within specified limits. After the extraction of the metal ion from the aqueous
to the organic phase, the reverse process or stripping is performed by contacting the
loaded organic with an aqueous acidic solution.
The selective separation of base metals is usually very good using SX processes. The
treatment of complex waste materials may become more involved and require more
expensive treatment to remove various impurities. In particular, certain impurities can
be difficult to strip from the organic [4,5].

116
A novel process has been developed [7] that may offer some alternatives for impurity
removal in solvent extraction. The procedure is called galvanic stripping and it has been
found that many metals ions can be removed directly from the organic using solid metal
reductants for direct displacement-type reactions. The galvanic or reductive stripping is
an electrochemical process, the solid metal dissolving anodically with the reduction of
the metal ion providing the cathodic reaction.
The results obtained using the process have been very promising for the removal of
metals ions such as Fe [8-10], Ce [11], Cd [12] and Pb [13]. Although the concept seems
sound, the fundamental aspects of the reaction mechanisms and effects of various
parameters are not yet fully understood. Therefore research was initiated with the
primary objective being the determination of the major factors influencing the anodic
reaction or the self-dissolution of pure metals in the organic phase.
In this study, Pb and Cd were emphasized, but the dissolution of Zn and Fe have also
been evaluated [14,15]. The cathodic reaction of the galvanic stripping is the reduction
of the more noble metal, however side reactions such hydrogen ion or oxygen reduction
are also theoretically possible.
The self dissolution of the metals in the organic can be described using a corrosion
model for comparison, and the reaction written as separate cathodic and anodic reactions.
The anodic reaction for divalent metals may be:
M

^

M ++ + 2e-

(1)

The following reactions are possible at the cathodic sites in acidic environments:
2H+

-I- 2e"

**

H2t

0 2 + 4H+ + 4e ^

(2)

2H20

(3)
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While in neutral and alkaline solution:
0 2 + 2H20 +4e" ** 40H-

(4)

Reaction (2) will be favored for metals with low hydrogen overpotentials but for
metals with high hydrogen overpotentials, reaction (3) or (4) would be more likely in the
presence of oxygen.
The above reactions are well established for the metal/aqueous systems, however for
the solid/organic extractant systems only limited information is available in the literature.
In this study the results of the self dissolution of lead and cadmium in D2EHPA are
presented. Parameters such as water content, oxygen and nitrogen sparging, particle size,
organic concentration, agitation, and temperature were studied. The activation energy and
the mass transfer coefficients were also calculated to predict the dissolution mechanism
of cadmium and lead in D2EHPA organic extractant. A Plackett and Burman experiment
was designed to study the effect of four process variables on metal dissolution.

EXPERIMENTAL

M aterials

Granular lead (+48 mesh) and cadmium (+24 mesh), with specific areas of 24.6 and
15.4 cm2/g respectively, from Fisher Scientific were used. D2EHPA was provided by
Albright & Wilson Americas, Inc. and Fisher kerosene was the diluent.
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Apparatus

Volumetric flasks (100 ml) were used as reactors. A Burrell shaker with adjustable
speed (between 1 to 10) was used and when required, the reactors were immersed in a
controlled temperature water bath. When oxygen or nitrogen gas sparging was used the
volumes were measured, after passing through a drying column, using a flowmeter. Lead
dissolved in the organic was determined directly by X-Ray Fluorescence. Cadmium was
analyzed by atomic absorption techniques after stripping with 150 g/1 H2S04. The solids
were examined by scanning electron microscopy (SEM) to determine surface morphology
after dissolution.

Procedure

A volume of 10 ml of 10 V% D2EHPA was placed into the 100 ml volumetric flask
reactor to which the equivalent of either 10 g/1 Pb or 20 g/1 Cd solid metal was added.
When oxygen or nitrogen were used, the gas was sparged into the organic prior to the
addition of the metal. When water was added to the organic, two methods were used: in
one of the methods the organic extractant was contacted with water for 10 minutes at an
aqueous to organic ratio (A/O) of 0.5, then the phases were separated. As the solubility
of water in pure D2EHPA is approximately 2.4%, when the organic is contacted with
water, it can be assumed that more than 0.24% water may be dissolved in 10 V%
D2EHPA. In the other method, water was added dropwise using an automatic pipette and
then mixed to insure proper dispersion in the organic. One drop of water is about 12.5
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fiL

or 0.125 V% of water in 10 ml of organic. After the reaction the solid was filtered,

washed with acetone and dried and the organic prepared for analysis to determine the
amount of metal dissolved. The procedure to study the effect of each variable on metal
dissolution was as follows:
E ffect o f w a te r on m etal dissolution.

The effect of water additions on the dissolution

of lead and cadmium in the organic extractant (10 V% D2EHPA) was investigated at
room temperature. Oxygen or nitrogen were not sparged prior to the tests. Water was
added either by A/O contact or by direct placement of a measured amount into the
organic. The batch tests were performed in closed vessels and the solid metal concentra
tion was 10 g/1.
For the lead studies, water was contacted with the organic at an A/O ratio of 1/2 and
one drop of water was added to the organic for the cadmium dissolution tests. The
retention times for the lead and cadmium dissolution tests were 1 and 2 hours
respectively. About 10 g/1 Pb solid or 2.5 cm2 of surface area and 20 g/1 Cd solid or 3.0
cm2 were used in all tests unless otherwise stated. The reactors were closed to avoid
contact with the atmospheric air during the tests.
E ffect o f oxygen an d nitrogen.

The effect of oxygen and nitrogen sparging for up to

10 minutes prior to testing on lead and cadmium dissolution was studied using a gas flow
rate of 5 ml/s. No additional oxygen was added during testing and the others variables
were: 10 V% D2EHPA concentration, temperature 23 °C, and 10 g/1 for lead and 20 g/1
for cadmium solids. As indicated previously, for lead dissolution, water was added to the
organic by aqueous-organic contact, and one drop of water was added to the organic for
cadmium tests.
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Effect o f D2EHPA concentration. The other parameters were: temperature 23 °C,
agitation set at medium speed, metal surface area 3 cm2 for Cd and 2.5 cm2 for Pb, no
gas sparging and water was added as indicated previously.
Effect o f agitation. For the agitation tests the flasks were closed during testing and the
optimum water content was added in all cases. The speeds tested were: low (speed 1),
medium (speed 5), and high (speed 9) and were meant to be quantitative in nature and
only to indicate if mass transport was important.
Effect o f temperature. The effect of temperature on the metal dissolution rate was
evaluated in the range of 15 to 35 °C and 10 V% D2EHPA concentration, medium
agitation, no gas sparging, solid concentration 10 g/1 for Pb and 20 g/1 for Cd, and the
proper water addition.

RESULTS

The experimental test work for the study of the dissolution of Pb and Cd was divided
into two categories. The first was with the organic in the as received condition and die
other with known amounts of water additions.

Preliminary tests

The objective of these tests was to determine the effect of several variables on the
dissolution of lead and cadmium in D2EHPA. Initially the tests were performed without
water additions to the system.
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The variables studied included: D2EHPA concentration, initial nitrogen and oxygen
sparging, reaction time, type of kerosene, D2EHPA preparation method, shaking speed,
and acid additions. However, after intensive testing it was found that Pb dissolution
occurred only when a certain amount of water was present and the other variables
became significant only if this moisture condition was satisfied. Similar to lead, cadmium
did not dissolve in the organic extractant unless some water was present in the system.
However, contrary to the behavior observed for lead, significant cadmium dissolution
was achieved only by adding drops of water to the organic. Merely contacting the
organic with water was not adequate, at least using the conditions of this research.

E ffect o f w a te r on m etal dissolution

Figure 1 shows the dissolution response for lead and cadmium when the organic
was contacted with water at different A/O ratios. The dissolution of lead increases as the
A/O ratio increases. More than 4 g/1 (0.019 M) of lead was dissolved after one hour of
reaction. However, cadmium showed a very limited degree of dissolution at an A/O ratio
of 1/10. At higher A/O ratios cadmium did not dissolve after two hours of reaction.
The results for lead and cadmium dissolution when known volumes of water were
added into the reactor containing the organic extractant are presented in Figure 2. An
average of 4 g/1 (0.019 M) of Pb was dissolved after one hour of reaction using different
amounts of water. The dissolution of cadmium is very sensitive to the addition of water;
1.5 g/1 (0.013 M) of Cd was dissolved when one drop of water was added, but cadmium
dissolution decreases as the water content increases. Figure 3 shows an SEM micrograph
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of the cadmium surface after reaction in D2EHPA without water addition and no
apparent dissolution is evident. Figure 4 shows the morphology of the cadmium metal
surface after reaction with D2EHPA and one drop of water, showing pits characteristic
of the anodic sites and indicative of an anodic reaction.
The effect of water on the dissolution of metals in the organics is not well understood,
however there are reports that the corrosion of steel in nonaqueous liquids such as fuels
and lubricants is usually caused by the small amounts of water present in the liquid [16].

E ffect o f p r o c e s s variables

Once it was determined that small amounts of water were necessary for any
dissolution to occur, a study of the effect of other variables was initiated. The latter
included: oxygen and nitrogen sparging, D2EHPA concentration, metal surface area,
agitation, and temperature.

E ffect o f oxygen

The addition of oxygen had a detrimental effect on lead dissolution. The results
showed that 3.6 g/1 of Pb (0.017 M) was dissolved when no oxygen was sparged,
however when oxygen was sparged for 30 seconds prior to the run only 1.4 g/1 Pb (0.007
M) was dissolved (see Figure 5). At higher sparging times almost no lead dissolution was
observed. The dissolution of lead was also negligible at high oxygen levels when one
drop of water was added to the organic.
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Oxygen also affects cadmium dissolution. Figure 5 shows that about 2 g/1 (0.044 M)
of cadmium was dissolved with no oxygen addition, but as the time of oxygen sparging
increased to 1 minute, the dissolution increased to a maximum of 5 g/1 (0.044 M).
However dissolution decreased at higher oxygen levels, as was observed with lead, with
only slight metal dissolution being achieved at 5 and 10 minutes of oxygen sparging. The
behavior of these metals is somewhat different at low oxygen addition levels, but the
trends are similar.

Effect o f nitrogen

Similar to oxygen, nitrogen was sparged through the organic for different times. The
results for Pb and Cd dissolution are presented in Figure 5. For all the tests, the addition
of nitrogen had a negative effect on the dissolution of both metals, probably due to the
removal of the dissolved oxygen.

Effect ofD2EHPA concentration

The results of lead and cadmium dissolution as a function of the D2EHPA content in
kerosene are shown in Figure 6.

At organic concentrations between 2.5 to 10 V%

D2EHPA about 3.6 g/1 (0.017 M) Pb dissolved after one hour of reaction, but at higher
D2EHPA concentrations, the dissolution of lead decreases. The Cd dissolution increases
as the V% D2EHPA increases, reaching a maximum of 4.3 g/1 (0.038 M) Cd after 2
hours of retention time at 15 V% D2EHPA. At higher D2EHPA concentrations the
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dissolution of cadmium also decreases.

E ffect o f th e s o lid m e ta l surface area

The influence of the surface area of the metallic lead and cadmium on the dissolution
rate in the presence of water was determined by varying the solid concentration from 5
to 40 g/1, keeping the other variables constant. There is a direct relationship between the
metal dissolution rate and the surface area, as shown in the Figure 7. The amounts of
lead and cadmium dissolved are approximately the same on a molar basis for the same
surface area, thus at 6.15 cm2 about 7 g/1 (0.034 M) and 3.5 g/1 (0.030 M) of lead and
cadmium were dissolved. From this figure the slopes of both curves in mole metal/l/cnf
are 0.0053 for Pb and 0.0054 for Cd.

E ffect o f a g ita tio n

Figure 8 shows that the dissolution rate of lead increases as the agitation increases.
Less than 1 g/1 (0.005 M) Pb was dissolved at the low shaker speed after 1 hour of
retention time, however about 3.6 g/1 (0.017 M) Pb was dissolved at the fastest shaker
speed. The results indicate that the dissolution of lead in the organic extractant may be
controlled by mass transport when the reactor is closed to the atmosphere.
The dissolution of cadmium also increases as the agitation increases, as can be seen
in Figure 8. At low speed it was necessary to insure that the water was dispersed in the
organic extractant for the dissolution of cadmium to occur at appreciable rates. At low
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shaker speed only 0.85 g/1 (0.008 M) Cd was dissolved in two hours, but 1.75 g/1 (0.016
M) Cd dissolution was achieved at the highest agitation.

E ffect o f tem peratu re

The rate of lead dissolution increased slightly with temperature for a retention time
of 1 hour. The activation energy calculated from the Arrhenius plot (Figure 9) was 3.4
kcal/mole, implying a mass transport controlled process. The activation energy for Cd
dissolution was 2.3 kcal/mole in low temperature range (15-25 °C), but was higher, or
11.5 kcal/mole in the range 25-35 °C, indicating a shift from diffusion to chemical
control with increasing temperature, (see Figure 9).

E xperim en tal design

A Plackett and Burman experimental design was adopted to study the effect of some
variables and their possible interactions on the dissolution of Cd and Pb. The variables
studied were, V % D2EHPA, agitation, surface area, and temperature. The tests were
conducted without gas sparging and with the optimum water addition; the reactors were
kept closed during testing. The variable levels and the metal dissolution responses are
presented in Tables 1 and 2 for Pb and Cd respectively. Table 3 shows the main effects
of the variables for the dissolution of both metals.
All four variables were significant for the lead dissolution. The V% D2EHPA gives
the highest positive effect on Pb dissolution; results which are in agreement with the
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previous results shown in Figure 6. The solid surface area is the second main variable
affecting this response. The interaction between the V% D2EHPA and agitation also
seems to be strong, thus when the V% D2EHPA and agitation are tested at their higher
experimental levels the dissolution of lead was 1.9 g/1 (0.009 M) at low surface area,
whereas 5.4 g/1 (0.026 M) was dissolved at high surface area.
Similar to lead, the four variables tested in the experimental design are significant and
have positive effects on cadmium dissolution. V % D2EHPA and solid surface area have
a slightly higher effect than temperature and agitation. The interaction between the
variables do not have a significant effect on cadmium dissolution. For the variable ranges
tested, low Cd dissolution (0.32 g/1 or 0.003 M of Cd) was achieved when the test was
run at the lowest variable levels and high Cd dissolution (4.61 g/1 or 0.041 M) at the
highest variable levels. However when the levels were combined about 1.2 g/1 (0.011 M)
Cd was dissolved, possibly indicating a change of reaction mechanism as indicated by
the previous temperature results.

DISCUSSION OF THE RESULTS

Effect o f water

A certain amount of water is necessary to dissolve lead or cadmium in D2EHPA. The
exact role of water is unknown, however the results indicate that the following
mechanism may be possible:

O rg a n ic equ ilibriu m

The simple monobasic D2EHPA (RH), dissolved in kerosene, may exist in
equilibrium according to the following reaction [17]:
[RH](or) ^

[R'](0r) + [H+](or)

(5)

The organic extractant in contact with a small amount of water can reach the
following equilibrium, according to the Br0nsted-Lowry concept:
[RH](ot) +

H20

^

[R ](or)

+

H30 +

(6)

Active metals are often covered with an oxide film which forms naturally in air.
The film can provide protection from corrosion and it was reported that this layer causes
long induction periods in the reduction of organic compounds with metals [18]
Therefore, the first step in the dissolution of metals in an organic extractant may be the
removal or disruption of the protective film with water by hydroxilation. Obviously other
mechanisms are feasible as well. The following mechanism for the dissolution of metal
oxides proposed by Wadsworth [19] and expanded by Warren [20] can be adapted to
explain the removal of the oxide film (MO) from the metal surface (I,):
Step 1 (surface hydroxilation):
(7)

Step 2 (surface protonation)
(8)

Step 3 (organic anion R' adsorption):
L-M« + 2[R ]„

«

U

m

R^

(9)

Step 4 (Desorption):
(10)
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The areas where water may attack are likely to be those sites with higher chemical
energy [20, 21], such as dislocations, edges, grain boundaries or other active surface
planes or sites. Figure 3 shows the cadmium surface that was not affected in the absence
of water and some film appears to be present; however when water was added, distinct
dissolution orientations are evident (see Figure 4), a feature commonly noted in metal
corrosion.
M e ta l dissolu tion a n d organ ic tran sfer reaction s

The newly exposed metal surface will undergo oxidation according to reaction (1) and
proceed if the proper amount of oxygen is available for the cathodic reaction(3). Due to
the anisotropy of the metals, different orientations of the metal surface will exhibit
slightly different potentials, giving rise to anodic and cathodic sites [21]. After the
removal of the oxide film, the following steps are proposed for the dissolution of metals
in D2EHPA in the presence of a small amount of water (see Figure 10).
1. Diffusion of oxygen from the bulk of the organic solution through the diffusion
layer to the metal surface.
2. Conduction of electrons in the metal from the anodic to the cathodic sites.
3. Reduction of oxygen at the cathodic sites due to the presence of hydrogen ions
and electrons, reaction (3).
4. Metal oxidation at the anodic sites resulting in the formation of cations and
electrons, reaction (1). The overall dissolution reaction is given by:
2M + 0 2

+

4H+

<=* 2M++

+ 2H20

(11)

5. Transport of the cations from the metal surface to the diffuse layer and transfer
reaction between the metal cation and the organic anion:
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M ++

+ 2[R]or

*

[MR2L

(12)

6. Diffusion of organic complex [MR2]OTinto the bulk organic solution.
Therefore the role of water is critical and may assist in the removal of the protective
film from the surface of the metal by forming an aqueous film between the solid and the
organic which enhances the transfer of the metals ions into the organic or even other
more complex possibilities.
The above partially explains the dissolution of lead in organics, however it does not
explain the fact that only an optimum water content is needed for the dissolution of
cadmium. It was noted that the cadmium metal surface was covered with a layer of
residue after removal from the organic and Auger analysis indicated the presence of
oxygen in the layer. The formation of this film, possible cadmium oxide, may follow the
mechanism of "dry corrosion" [22] in which oxygen is reduced to 0~, diffuses through
the oxide film and allows for continued metal oxide formation at the interface. The oxide
is then leached by the organic anion [R*]. The following reaction was proposed by
Thorsen [4] for the leaching of oxides with cation organic extractants.
MO + 2[RH]ot

i±

2[RM]or

+

H20

(13)

Therefore, one possibility is that cadmium dissolution may occur according to the
following steps:
1. Removal of the protective film by water (reactions 7-10)
2. Formation of an oxide product on the metal surface by "dry oxidation"
3. Leaching the oxide by D2EHPA (reaction 13).
When excess water is present, the oxide layer may not form by the dry corrosion
mechanism. Although reactions 7-10 are possible in the presence of water, the hydration
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of the M ++ by water may occur. The pH of water dissolved in the organic may decrease
below the equilibrium pH for the transfer of Cd to the organic molecules to occur,
stopping the dissolution reaction.
The dissolution of lead does not follow the formation of oxide layer, and water did
not affect its dissolution, probably because the pH remains above the equilibrium value.

P ro cess v a ria b le s

E ffect o f oxygen

Oxygen is a common cathodic depolarizer (reaction 4), however, it seems that only
a small amount of oxygen is required for the self dissolution of metals in organic
solutions. The detrimental effect of higher oxygen levels may be due to a number of
factors.
Since the presence of water allows the removal of the protective film on the metals,
the new metal surface is more susceptible to re-oxidation. In other words, a passive film
may re-form on the metal when excessive oxygen is present, and this slows the
dissolution reaction rate. The oxygen excess may increase the consumption of hydrogen
ions near the metal-solution interface, rendering the solution more alkaline and promoting
the formation an insoluble metal hydroxide through reaction (4). The negative effect of
high oxygen pressures on the rate of reaction has been shown by several investigators
[12,23,24,25].
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E ffect o f D 2E H P A concentration

High D2EHPA concentrations (above 20 % ) have a negative effect on the dissolution
of lead and cadmium. The cause may be because at higher organic concentrations
polymerization of the extractant molecules occurs [26-28]. At high concentration the
organic viscosity increases and so the adsorption of organic molecules to the solid.

E ffect o f a g ita tio n

According to the results, the rate determining step for metal dissolution may be the
removal of the protective film by water. After the metal surface is exposed to the organic
and the required oxygen is provided, the mass transfer may become significant since the
rate of lead and cadmium dissolution increases when the agitation increases. The rate
determining step may be the diffusion of oxygen through the double layer to the metal
surface or the diffusion of the organic complex [M RJOTfrom the diffusion layer to the
organic bulk solution (see Figure 10).

E ffect o f tem peratu re

Temperature causes only a slight increase in lead dissolution, which also indicates
that the rate determining step may be mass transfer controlled. The activation energy for
cadmium dissolution indicates a change of mechanism since the activation energy
increases from 2.3 kcal/mole to 11.5 kcal/mole with temperature (see in Figure 9). The
rate determining step of cadmium dissolution at high temperatures may be the electron
transfer in the electrochemical reactions or a possible absorption reaction of the organic
molecules on the solid-liquid interface.
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CONCLUSIONS

1. The results show that lead and cadmium can dissolve spontaneously in D2EHPAKerosene mixtures under the proper operating conditions. Some amount of water is
necessary to initiate the reaction, possibly because it assists in the removal of the
natural passive films present on the metals. After the protective film is removed, the
dissolution is sensitive to the amount of oxygen and the flow in the system.
2. The amount of water plays an important role in the dissolution of Pb and Cd. For
lead, the water can be added either by water-organic contact or by direct additions.
However, cadmium dissolution is possible only at very low levels of water (one drop
of water or 0.25 V % can start the dissolution.)
3. Only a very small amount of oxygen is required for the cathodic reaction. However
if oxygen is present in excess, re-formation of the passive film will occur and the
dissolution of the metals will stop.
4. The dissolution of lead is a mass transfer controlled process with an activation energy
of 14.4 kcal/mole in the temperature range of 15-35 °C. However, the activation
energy for cadmium dissolution is about 2.3 kcal/mole at low temperatures ranges (1525 °C) and 11.5 kcal/mole at higher temperatures ranges (25-35 °C) indicating a
change in the control mechanism from diffusion to chemical control.
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Figure 1.

Effect of prior aqueous-organic contact on lead and cadmium dissolution.

Agitation at medium speed, reaction time: 1 hour for Pb and 2 hours for Cd; no gases
were sparged and the tests were made at 25 °C. Surface area: 2.5 cm2 for Pb and 3.0
cm2 for Cd.
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Figure 2. Effect of prior water addition on lead and cadmium dissolution. Agitation at
medium speed, Reaction time: 1 hour for Pb and 2 hours for Cd; no gases were sparged
and the tests were made at 25 °C. Surface area: 2.5 cm2 for Pb and 3.0 cm2 for Cd.

138

Figure 3. SEM photomicrograph for cadmium metal surface after reaction with 10%
D2EHPA without water addition, no gases were sparged, 2 hours of reaction time,
agitation at medium speed, the test temperature was 25 °C.
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Figure 4. SEM photomicrograph for cadmium metal surface after reaction with 10%
D2EHPA and one drop of water, no gases were sparged, 2 hours of reaction time,
agitation at medium speed and the test temperature was 25 °C.
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Figure 5.

Effect of oxygen and nitrogen sparging on lead and cadmium dissolution.

Addition o f one drop of water, 2 hours of reaction time, agitation at medium speed and
the tests were made at 25 °C. Surface area: 2.5 cm2 for Pb and 3.0 cm2 for Cd.
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Figure 6. Effect of %D2EHPA concentration on lead and cadmium dissolution. Water
addition, agitation at medium speed, no gases were sparged, reaction time: 1 hour for
Pb and 2 hours for Cd, the tests were made at 25 °C. Surface area: 2.5 cm2 for Pb and
3.0 cm2 for Cd.
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METAL SURFACE AREA (cm2)

Figure 7. Effect of metal surface area on lead and cadmium dissolution. Water addition,
agitation at medium speed, no gases were sparged, reaction time: 1 hour for Pb and 2
hours for Cd; the tests were made at 25 °C.
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Figure 8. Effect of shaker speed on lead and cadmium dissolution. Water addition, no
gases were sparged, and the tests were made at 25 °C. Surface area: 2.5 cm2 for Pb and
3.0 cm2 for Cd.

log K (cm/s)
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Figure 9. Arrhenius plot for lead and cadmium dissolution. Water addition, no gases
were sparged, agitation at medium speed. Surface area: 2.5 cm2 for Pb and 3.0 cm2 for
Cd.
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Bulk

Diffusion
Layer
Figure 10. Model of solid-organic solution interphase for metal dissolution in organic
extractant.
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TABLE 1
Experimental conditions and results for Pb dissolution. Plackett & Burman Design

Test
(No.)

1
2
3
4
5
6
7
8
9
10
11

D2EHPA
(%)

Temp.
(°C)

Solid
(g/1)

Agitation
(speed)

Pb
Dissolution
(g/1)

5
20
5
20
5
20
5
20
12.5
12.5
12.5

15
15
35
35
15
15
35
35
25
25
25

5
5
5
5
15
15
15
15
10
10
10

1
9
9
1
9
1
1
9
5
5
5

0.43
1.93
0.25
0.72
0.43
0.77
1.68
5.39
3.96
3.74
3.85

TABLE 2
Experimental conditions and results for Cd dissolution. Plackett & Burman Design

Test
(No.)

1
2
3
4
5
6
7
8
9
10
11

D2EHPA
(* )
5
20
20
5
20
5
5
20
12.5
12.5
12.5

Temp.
(°C)

Solid
(g/D

Agitation
(speed)

Cd
Dissolution
(g/D

15
15
35
35
15
15
35
35
25
25
25

10
10
10
10
25
25
25
25
17.5
17.5
17.5

1
9
1
9
1
9
1
9
5
5
5

0.32
1.13
0.92
1.21
1.20
1.10
1.12
4.61
4.28
4.40
4.43
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TABLE 3
Main effect of variables on the dissolution of lead and cadmium
Main effect
Variable

X I:
X2:
X3:
X4:
X5:
X6:
X7:

D2EHPA (%)
Temp. (°C)
Solid (g/1)
Agitation
Dummy
Dummy
Dummy

Cd

Pb

1.51
1.12
1.24
1.10
1.82
0.52
0.58

±
±
±
±
±
±
+

0.33
0.33
0.33
0.33
0.33
0.33
0.33

1.12
1.03
1.12
1.03
0.57
0.57
0.69

±
±
±
±
±
±
±

0.25
0.25
0.25
0.25
0.25
0.25
0.25
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APPENDIX A
REMOVAL OF Fe(III) FROM ORGANIC SOLVENTS
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Literature Review

Iron control is one of the main problems encountered in the hydrometallurgical
recovery of minerals and metals. Numerous approaches have been made, each having
certain advantages when compared with other techniques evaluated for iron removal from
organic solvents. Burkin [1] found that a solution of iron in carboxylic acids mixed with
a hydrocarbon diluent is readily reduced by hydrogen at temperatures between 130 and
220 °C. The reduction of iron required a seed material and gaseous ammonia was used
to neutralize the free organic liberated when the iron was produced.
Demopoulos and Gefvert [2] also investigated the removal of F e+3, extracting it
selectively with a mixture of Kelex 100 and D2EHPA. Stripping of Fe+3 from the
organic was accomplished with hydrogen to reduce Fe+3 to Fe+2 and subsequent stripping
with a weak acid solution. They found that a temperature of 165 °C, with 50 g/1 of Ni
powder as the catalyst at 360 psi hydrogen pressure for 1 hour offered the best
conditions.
Majima et. al. [3] stripped Fe+3-loaded D2EHPA using an acid solution of 3M HC1,
H2S 0 4 or HC104 at 150 kPa of SO2 and 70 °C for 2 hours. Iron was stripped as Fe+3 into
the aqueous phase and then reduced to Fe+2 by S 0 2. The dissolved S 0 2 was removed
from the organic by a H20 2 solution.
Another interesting method to remove Fe+3 was studied by Doyle [4]. In this process
Fe+3 can be stripped from carboxylate solutions with dilute H2S 0 4 (10-40 g/1) at 100 °C
to give goethite or basic sulphates. The overall reaction was:
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Fe(RCOO)3(0)

+

2 H 2Ow

=

°c-FeOOH(s)

+

3 RCOOH(0)

(1)

where the (0) and w subscripts indicate the organic and aqueous phases.
Yu and Chen [5] investigated the effect of loading pH into D2EHPA on the ease of
stripping the F e+3 using dilute sulphuric acid. They reported that the species of iron
extracted in the organic phase were primarily responsible for the ease of stripping. Fe+3
solutions loaded at pHs 1.5 to 2.5 stripped easier than solutions loaded at lower pHs.

F e+3 Extraction

Di-(2-ethylhexyl) phosphoric acid is an effective extractant for F e +3. From sulphate
solution

the

order

of

extraction

as

a

function

of

pH1/2

is

[6]:

Fe+3 < Zn+2 < Cu+2 < Co+2 < Ni+2 < M n+2 < Mg+2 < Ca+2.
Although, there are numerous reports on the extraction of Fe+3 by organic solvents
from acid media, only a few deal with extraction of this metal ion with D2EHPA [7,8,9].
Moreover, the extraction mechanism of Fe+3 is not fully understood.
Roddy and Coleman [9] found that the rate of extraction of Fe+3 from perchloric acid
solutions by D2EHPA is very slow and controlled by interfacial series and parallel
reaction steps. According to them this occurs in the introduction of a first and second
anion ligands in the formation of FeA3.3HA (where A is the D2EHPA anion). They also
suggested that the uptake of Fe+3 was prevented by the formation of an outer sphere of
Fe+3 with sulphate ion.
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Sato et. al. [7], evaluated the extraction of Fe+3 from aqueous acid solutions by
D2EHPA in kerosene. They found that extraction was dominated by an ion-exchange
reaction and the rate of Fe+3 extraction to reach equilibrium from sulphuric acid was
slower than from hydrochloric and nitric acid solutions. The reaction can be represented
by:
F e +3(i)

+

3 (HX)(0)

=

FeX6H3(0)

+

3 H +(a)

(2)

where X is (CgH170 2)P 0 2' and HX the dimeric reagent. Also in the cases o f aqueous
solutions containing hydrochloric or nitric acid, D2EHPA combines with Fe+3 according
to a solvating reaction at higher aqueous acidity. This is represented by the following
equations:

Fe+3(1) + 3C1-W + 3/2 (HX)2(0)

Fe+3W + 3 N 0 3'(1) + 3/2 (HX)2(0)

=

=

FeCl3.3HX(0)

(3)

Fe(N 03)3.3HX(0)

(4)

Matsuyana et. al. [8] investigated the reaction of Fe+3 and D2EHPA in homogeneous
systems and found that reactions of FeOH+2 with both dissociated and undissociated
D2EHPA predominate. An equilibrium constant of 48.0 was calculated for the assumed
reaction,
Fe+3(a)

+

HR<0)

=

FeR+2(c)

+

H +(>)

(5)
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Fe+3 Galvanic Stripping

A new process involving the removal of Fe+3 from the organic phase using the
electrochemical reduction of Fe+3 to Fe+2 by a solid metal reductant in the organic phase
with subsequent stripping of the Fe+2 ions to the aqueous phase will be described.
Initial research by Belew [10] evaluated the use of metallic zinc to reduce ferric iron
in D2EHPA loaded with both iron and zinc which allowed using relatively dilute
sulphuric acid for the stripping stage. The effects of organic zinc and iron loading,
solvent concentration, zinc metal surface area and acid concentration of the strip solution
were examined. The process was found to take place in an inert environment at
atmospheric pressure and temperatures in the range of 30 to 50 °C. The rate of iron
removal was found to be inversely proportional to the iron and zinc loading of the
organic; and directly proportional to the surface area of the zinc metal and the
temperature.
When metallic iron, Fe+3-containing D2EHPA and a slightly acidic aqueous solution
are contacted simultaneously in an inert environment, iron is oxidized into the organic
reducing the F e+3 to Fe+2 which can be readily stripped into the aqueous solution. The
overall reaction then would be:

2 FeR3(0)

FeR 2(o)

+

+

Fe(J)

2 H+

=

=

Fe+2(I)

3 FeR2(0)

+

2 RH(0)

Reduction

Stripping

(6)

(7)
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A conceptual view of the Fe+3 Galvanic stripping system is depicted in the following
flowsheet of Figure 1.
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Figure 1. Conceptual Flowsheet of the Fe+3 Galvanic Stripping Process
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APPENDIX B
A REVIEW O F CEMENTATION REACTIONS IN AQUEOUS AND ORGANIC
MEDIA
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INTRODUCTION

Aqueous cementation is a well known investigated process that has been covered in
many articles and textbooks. Although there is not a complete understanding of the whole
process a lot of information has been gained through the years.
Indeed, since the water solvent used in the aqueous cementation process does not offer
a complex chemistry it has allowed to establish the reaction mechanism, the kinetic
aspects, the deposit effects, the influence of impurities and others in this system.
On the other hand, the organic cementation or solid reductive stripping which is a
new method of purification to be discussed here, offers more difficulties to understand
than the aqueous cementation due mainly to the complexity of the solvent (organic
extractant dissolved in a diluent). Although both systems are different, they have
similarities in many respects and pursue the same purpose, the production of a cemented
metal.
A very good fundamental understanding of this new process is necessary due to the
excellent possibilities of industrial applications. In this paper, a summarized preliminary
discussion between the aqueous and organic cementation will be done pointing out
similarities and differences of them.

AQUEOUS CEMENTATION OR DISPLACEMENT REACTIONS

DEFINITION
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These is a process in which a metal ion in a solution is reduced to the metal with the
concurrent oxidation of a more electronegative metal placed in the solution [1]. Actually,
this is an electrochemical process in which the metal to be reduced is deposited at
cathodic sites, and the metal to be oxidized dissolves from anodic sites.

THERMODYNAMICS
Aqueous cementation reactions exhibit large negative free energy changes, and
generally the reactions can be considered to go to completion. The standard free energy
change for any given couple can be calculated from the standard half-cell potentials. The
cementation reactions can be predicted thermodynamically on the basis of the standard
half-cell potentials.
A good understanding of solution chemistry is necessary in order to characterize the
cementation reactions. It has to be noted that ionic activities are controlled both by
complexation reactions and by the ionic strength of the solution [2]. It is also worthwhile
to estimate the quantities, concentrations or chemical activities of the reactants and
components at equilibrium.
Some chemical reactions other than the principal oxidation and reduction reactions
which are relevant to the cementation process are:
xh

02

+

M +z

H20
+

2 H+

+

z OH
+

2 e-

2 e'
=

=

2 OH’

(1)

M(OH)z
=

H2

(2)
(3)

At high pH levels reaction (1) is favored, which may lead to the formation of metal
hydroxides via reaction (2). These are deposited on the metal surface and form a passive
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layer preventing further cementation. At low pH values hydrogen evolution (3) becomes
the predominant reaction. This implies that there is a pH range within which the
cementation is optimum. The use of Eh-pH diagrams may be helpful to explain the
possible formation of species in a cementation reaction. Since oxygen, hydrogen ions,
water and some other species are almost always present in the system, it is important to
know the positions of the stability regions in the diagram. As an heterogeneous solidliquid system, mechanisms of cementation reaction are though taking in consideration the
electrical double layer. Although thermodynamics is important in the prediction of
cementation reactions, actual yields and process efficiencies are determined by rate
factors.

KINETICS

The general aqueous cementation reaction is given by the equation:
M ,+Zl

+

Zj/ zj M2 =

Mj

+

z,/ z2M 2+z2

(4)

This reaction can be considered in terms of the respective half cells:
M,

=

M j+Zl

+

z, e‘

(5)

m2

=

m

2+z2

+

Z2 e"

(6)

This is termed an electrochemical reaction in the sense that electrons are not exchanged
at the same site.
The interpretation of results from cementation kinetics studies requires the
establishment of a qualitative model which includes each necessary step in the reaction
mechanism. This model is well established and a detailed description is given by Lawson
[3]. These steps are:
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1. bulk transport of the depositing species to the liquid diffusion boundary layer
surrounding the precipitant metal.
2. diffusion of these species across the diffusion layer to the deposition (cathode) sites.
3. conduction of electrons from the anode (dissolution) sites to the cathode sites through
the precipitant substrate and deposit mass.
4. dehydration of the depositing species, reduction and incorporation of the atoms so
produced into the deposit crystal lattice.
5. release of ions of the precipitant species from the anode sites, and their hydration.
6. diffusion of these ions from the vicinity of the reaction surface through the liquid
diffusion layer.
7. transport of the precipitant ions from the edge of the diffusion layer into the bulk of
the solution.
Usually, one of these steps is intrinsically slow, and since the overall rate can not
exceed the rate of the slowest step this becomes the rate controlling. In practice, steps
1 and 7 are usually never rate limiting. The rates of steps 2 and 6 depend on the rate of
mass transfer of the solute and are termed "diffusion" or "mass transfer" controlled. The
rates of steps 3, 4 and 5 depend on the rates of the surface-chemical processes and are
termed "chemically" rate limited. When the intrinsic rates of the diffusion and the surface
chemical steps are similar, the overall reaction is under "mixed" control.
Power and Ritchie [1] have found that if the standard electrode potential difference
between the two half-reactions,

aE °

>

0.36 V, then the cementation reaction would be

expected to be diffusion controlled. Miller [2] also reported the same value for a
diffusion controlled process and a

aE °

<

0.06 V for a chemical controlled process.
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Almost without exception aqueous cementation reactions appears to be first-order
processes with respect to M ,+Zl and may be represented by the first-order rate equation:
dC,/dt = (kA/V) Ci

(7)

where C is a concentration term, t is the time, k the rate constant, A the area and V the
volume o f the solution.

E ffect o f the Tem perature on the R ate Constant. From the evaluation of the effect of

temperature on the rate constant it is possible to find the apparent activation energy, Ea,
for an aqueous cementation reaction using
k = A exp (-Ea/RT)

(8)

where k is the rate constant, A is the pre-exponential factor, T the absolute temperature
and R the gas constant.
From this value (Ea),it is possible to distinguish between diffusion-controlled and
chemically-controlled cementation reactions. A value of Ea < 6 kcal/mole will indicate
a diffusion controlled process, whereas a value of Ea > 10 kcal/mole indicates a
chemically controlled process. Most of the cementation reactions are controlled by a
diffusion or mass transport process.

E ffect o f Stirring on th e Rate Constant. The effect of stirring speed on the rate

constant, k, can also be used to determined whether a cementation reaction rate is
diffusion or chemically controlled. As a general rule, a reaction is diffusion controlled
if the rate constant increases with the increase of stirring speed. If k is independent of
the stirring speed, then the reaction rate is likely chemically controlled.

161

D eposit E ffect. The apparent reaction rate is enhanced as the quantity of the deposit

increases due to the formation of protrusions and a general roughening of the reaction
surface. Miller and Beckstead [4] have demonstrated that the copper/iron reaction, which
normally suffer from the same accelerating effect, can be improved if the growing
deposit is continuously stripped off by the action of an ultrasonic field. On the other
hand, Schalch and Nicol [5] reported that retardation of cementation rates can occur if
the copper deposit is so dense that the dissolution rate of the iron substrate is reduced to
the extend that this partial reaction becomes rate controlling.

Initial C oncentration E ffect. Although the rate constant should be ideally independent

of the initial concentration of the noble metal ion (first-order rate equation), many
investigators have found otherwise. Miller [2] concluded that this anomalous effect and
the temperature dependence of some systems, which indicates a change in mechanism,
may be interpreted in terms of the nature of the surface deposit and/or the concentration
dependence o f self diffusion coefficients. Sahoo and Rath [6], found that in the
cementation of lead by iron the rate increased as the initial concentration of lead
increased from 1 kg m 3 to 2 kg m'3 but then decreased with the increase of concentration
to 4 kg m'3. They explained that the variation of rate may be related to the growing
thickness of lead metal on the substrate.

C o-cem entation. According to Power and Ritchie [1], if two or more metals are present

in a solution, they may be co-cemented by another more electronegative metal. Alloys
may form in the process, and the composition of the alloys formed will depend on the
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concentrations of the various ions in solution. Miller [2] also stated that it is possible that
the more active metal, even in a binary system could co-deposit with the noble metal
either as the metal itself or as an alloy.

Ultrasonic Effect. Miller and Beckstead [5] found that ultrasonic vibrations have a

dramatic effect on the rate constant. They stated that the solids immersed in a solution
and subjected to ultrasonics are thoroughly cleaned by the action of cavitation, and the
reaction rates are three to four times as large as those measures under standard
conditions.

Effect o f 0 2, N 2 and H 2. In many cementation reactions oxygen in solution has been

found to cause excess consumption of the active metal. Side reactions involved oxygen
always have resulted in increasing usage of precipitant metal. The trend has been to
purge the oxygen using N2 and H2.
Nadkami and Wadsworth [7] reported in the copper cementation by iron that when
oxygen was purged by N2 or H2, the iron consumption was much less that experienced
when the system was exposed to air or oxygen.

Techniques for M easuring the Rate of Cementation Reactions. Xiong and Ritchie [8]

have done a comparative study of five different techniques to measure the rate of
Cu(II)/Zn cementation reactions. These are:
1. Analysis of the reactant solution for Cu(II)/Zn(II) content.
2. Evans diagrams, i.e. to plot the two polarization curves for the dissolution of zinc and
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the reduction of Cu(II) ions on the same potential-log(current density) diagrams and then
determine the reaction current density, i, from the intersections of the curves.
3. The method of Barth et. al., which is based on the time taken to react for a thin
electrodeposited film of zinc of known thickness.
4. The Stem-Geary method for determining the polarization resistance.
5. Polarization resistance from impedance spectra.

M O RPH O LO G Y

It is generally agreed that the structure of the resulting deposit has a major influence
on the changes in the kinetic rates. In many cases the rate of reaction increases once a
deposit has been laid down. Lee and others [9] found that the actual reason for this
increase could be due an increase in the surface area, to a separation of the zero
concentration and the zero velocity planes near the precipitant metal surface and to the
generation of small eddies in an otherwise boundary layer by the deposit protrusions.

E ffect of R otational Speed. A well agitated system may be controlled only by boundary

layer diffusion, if it is not limited by surface reaction the bulk solution is eliminated.
Because cementation reactions are mostly boundary layer diffusion controlled, the deposit
should not change perceptibly with the rotational speed.
Annamalai and others [10] studied the copper cementation by aluminum and they
reported that with regard to the rotational speed of the disk, except for no agitation,
where the structure was characterized by thick dendrites, the structure remained dendritic
over the range of velocities studied. On the other hand, Schalch et. al. found that the
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morphology of the copper is a function of the rotational speed in a Cu-Fe system.

E ffect o f H ydrogen Ion Concentration. The control of the hydrogen ion concentration

is one of the important variables in the cementation process since corrosion and hence
consumption of precipitant metal is a major concern in the process. Annamalai and others
[10] studied the cementation of copper by aluminum. They reported that the maximum
rate obtained was at pH 2.5 which was associated with fine and well grown feathery
dendrites. When the pH was increased above pH 2.5, the decrease in rate was minimum,
but the change in the size of the dendrites was extraordinary. The slight decrease in the
rate at pH 3.2 and 3.9 was attributed to a decrease in the rate of surface oxide
dissolution. The low rate constant (3.13xl0'3 cm s'1) obtained at pH 0.95 may be
attributed to the retarding effect of a tight coherent growth that restrict transport of
aluminum ions away from anodic sites.

Effect o f Initial Concentration. For a first-order rate equation, the rate constant is

expected to be independent of the initial concentration of the noble ion. However, many
authors have reported anomalies in this respect, showing both positive and negative
dependence of the experimental rate constants.
From the evaluation of copper cementation on aluminum [10], Annamalai found that
low metal ion concentrations contribute to the growth of tight, coherent, fine grain
deposits. The rate constant did not change appreciably between [Cu+2]= 52 to 560 mg
dm'3, but the deposit suffered noticeable structural modification within the same interval
of copper ion concentration. At higher concentrations, the structures were strikingly
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different from those at lower concentrations. The deposit was basically dendritic, the
secondary arms were broad,leaf-like structures instead of a needle-like shape. At
[Cu+2]=2240 mg dm'3, the deposit contained three different dendritic features: thick
dendrites, massive crystalline-type dendrites and broad, leaf-like structures.

E ffect o f Tem perature. The study of the effect of the temperature on the reaction rate

is important because this one method of obtaining additional evidence about the rate
controlling mechanism of the reaction. In general, a coarse-grained, loose and/or spongy
deposits id typical of experiments performed at elevated temperatures whereas a bright,
coherent, fine grained deposits are related to experiments done at low temperatures.
In the cementation of copper on pure iron, Annamalai and Murr [11] reported the
variations of the rate constants and morphologies with the change in temperature. They
finally concluded that the concentration rates are dependent on the deposit structure and
morphology.

Effect o f Hydrodynamic Miller [12] has reported that a change in the flow rate of

solution affects the deposits in a concentration reaction. The results of this study
indicated qualitatively that fluid flow not only determines the extend of surface deposit
removal by shear forces on a macroscopic basis, but also determines at a microscopic
level the basic character and structure of the surface deposit, namely nucleation and
growth phenomena.

Effect o f N2 and O z. The cementation process occurs not only from solutions of varying
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ionic strengths but also in the presence of varying amounts of dissolved oxygen. Lee and
others [13,14] studied the precipitation of cadmium with zinc from dilute aqueous
solution under an inert atmosphere and under oxygen-containing atmospheres with respect
to the morphology of the deposits. They concluded that in the actual form of the deposit
morphology is extremely important in the experiments under an inert atmosphere. An
initial slow rate period and a final enhanced rate was observed once a dendritic deposit
had formed. Any changes that bring alterations in the deposit crystal also have a marked
effect on the specific reaction rate in the enhanced period.
They also found that oxygen had a marked effect on the morphology and the
cementation rate of cadmium ions onto zinc from dilute solutions. The cemented
cadmium forms different oxidation products under different oxygen concentration and the
cementation rate is accordingly influenced differently.

Effect of Pre-coating. A precoated surface enhanced the reaction rate of a cementation
reaction. This may be associated with the formation of dendritic protrusions of deposited
metal which modify the local mass transfer process. Strickland and Lawson [15] reported
that the increased mass transfer flux to roughened surfaces may be due to the
disturbances in both convective and diffusional processes resulting from the influence of
the roughness on velocity and concentration distributions.
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ORGANIC CEMENTATION

DEFINITION

This is a process in which a metal ion in an organic extractant is reduced to the metal
with the concurrent oxidation of a more electronegative metal placed in the organic
solution. This process can be considered electrochemical since the reaction is produced
in cathodic and anodic sites with the electrons being conducted between the two metallic
phases.

GENERALITIES

The organic cementation is a more complex process than the aqueous cementation.
To understand this process, a description of the extractant and a summary of the
extraction stage in solvent extraction should be done.

Di(2-ethylhexyl) Phosphoric Acid, D2EHPA M etal Extractant. D2EHPA extract

metals, essentially by a cation exchange reaction between the replaceable hydrogen of the
extractant and the aqueous metal ion. The reaction is not stoichiometrically equivalent.
In the majority of the cases one of the hydrogens remains unreplaceable. Usually, the
charge on the metal ion determines the number of extractant molecules in the organic
phase complex.
Many investigations has been done using D2EHPA as a extractant. Ritcey and
Ashbrook [17] have done some generalizations regarding the extraction of metals by
organophosphorus extractants and its diluents as a function of the properties of the metal
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ion:
1. As the charge on a metal ion increases, then so does its extractability.
2. For metals having the same charge, extraction varies inversely as the ionic radius.
That is, small ions extract better than large ions having the same charge.
3. The type and concentration of anionic species present in the aqueous phase also affects
the extraction of metals by alkylphosphoric acids. Sulfate and carbonate ions form more
stable metal-anion complexes in the aqueous phase than do nitrate ions. In general, the
effect of common anions on the extraction of metals by D2EHPA is expected to increase
in the order N 0 3 < Cl' < C 0 3' < S042.
4. Diluents that contain aromatic products have specific gravities higher than the aliphatic
products. Kerosene has a low dielectric constant in the range of 2-3. Different results
were obtained using different diluents with different dielectric constants but other effects
such as impurities, degree of aromaticity, solubility of water in the diluent and others
may also be involved. In many cases, extraction coefficients cannot be correlated with
one particular physical property of a diluent.
5. Some relationship appears to exist between metal extractability and the composition
(aromatic, paraffin and naphthene content) of commercially available diluents. There is
a different influence of diluent on metal extractability between extractant types, for
example, with D2EHPA, increasing aromaticity over 25 percent resulted in a decrease
in metal extraction, whereas for amine and TBP extractant, reverse holds.

Solvent Extraction of Lead by D2EHPA. The extraction of lead by D2EHPA proceeds
readily but as stated before it is not stoichiometrical. Holdich and Lawson [18] reported
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that only 1.6 hydrogen ions were exchanged per atom of lead extracted, rather than 2.0
as would be expected for a divalent metal ion. They found that less than 1% o f the
D2EHPA is converted to the extracted complex. This can be an indication that there is
no need to use higher D2EHPA concentrations.
The basic extraction equation for lead was presented as:
Pbn+2

+

m/2 (HA)2 <=> PbAn.(m-n)HA

+

n H+

(9)

where HA represents D2EHPA, n the ionic charge and m the number of molecules of
D2EHPA required for the extractions of the complex into the organic phase.

TH ERM O DYNAM ICS

Since the organic cementation of Pb on Zn is also an spontaneous process, the
standard free energy change for this system must be negative. The measurements of
equilibrium constants and standard half-cell potentials in organic are difficult to perform
since the only liquid phase present in the system is the organic. Taking in consideration
that the diluent kerosene has a very low conductivity, it is necessary to find an adequate
reference electrode to measure the potential of the reaction. Indeed, it has to be
considered that the organic phase contains some water dissolved in it which comes from
the extraction stage. The solubility of water in the organic is around 2.4%. This amount
of water may permit to measure the potentials of the reaction.
The pKa of D2EHPA is 3.95 which is several orders of magnitude more acid than
water (pKa= 16). It is possible that some H + ions from the water dissolved in the organic
phase are free and they probably gives the initial driving force for the dissolution of the
more active element, in this case zinc. The previous explanation may indicate that some
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acid is necessary in the organic phase and that organic cementation cannot be performed
at alkaline pHs, which differs from the aqueous cementation.

KINETICS

Since the aqueous cementation and organic cementation are heterogeneous reactions
(a liquid and a solid phases), the same qualitative model applied for the aqueous
cementation may serve to explain the kinetic of the organic cementation. Although it is
well established that aqueous cementation is a first order reaction this is not very clear
in the organic cementation.
It is well known that the phosphoryl group (P = 0 ) contained in D2EHPA is the
responsible for the reaction between the organic and the metal. The phosphoryl group
bond absorbs strongly within the overall range 1390 - 1080 cm'1, the exact position being
dependent upon the nature of the attached groups in association with their steric and
electronic effects. The phosphoryl group has a nucleophilic character which is apparent
in its ability to form hydrogen bonds and metal complexes. Initial infrared results have
confirmed that lead and zinc were extracted into D2EHPA by cation exchange and are
bonded to the phosphoryl oxygen atom, and that the polymeric species were formed as
the metal concentration in the organic phase increases. From this basis and from kinetic
experiments which will indicate the order of the reaction, it would be possible to
establish the proper mechanism of the organic cementation reaction. Some possible
mechanisms proposed for reactions with the phosphoryl group are:
- Substitution Nucleophilic of Second Order (SN2(P))
- Addition Elimination mechanism (AE)
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- Elimination Addition mechanism (EA)
The effect of temperature on the rate constant can be studied from a similar evaluation
with the aqueous cementation. Although the initial activation energies calculated have
indicated that a possible chemical control is occurring in the first hour of the reaction
more work have to be done to clarify the mechanism. In the same way, it is necessary
to evaluate the stirring effect which is going to help in the determination of the slowest
step of the process.
The concentration of H+ ions is an important variable in the organic cementation,
however it is difficult to measure it experimentally. Initial experiments have revealed that
D2EHPA concentration has a definitive influence on the rate constants. It is probably
related to the optimum amount of H+ ions in the organic, viscosity, conductivity or
others.
Definitely, surface area of the active metal affects the reduction of lead in the organic
cementation as well as in the aqueous cementation. Preliminary results showed an
improvement in the % of lead cemented from 25 to 55 % when the zinc particles varied
from -20 to -140 o f mesh sizes respectively.
One disadvantage of the organic cementation is that D2EHPA is polymerized when
a high concentration of Pb+2 was used in the organic. This phenomenon may be due to
the high concentration of zinc entering to the organic. Kolarik and Grimm [19] found that
Zn+2 form highly viscous solutions in D2EHPA and a strong depolymerization o f the
complexes even by small additions of D2EHPA is indicated by a marked effect in
viscosity.
Another disadvantage of the organic system is that a proper diluent should be used in
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the reductive stripping o f F e+3 by solid iron. The diluent with higher aromatic content
reported much better stripping efficiencies.
A predeposit also affects the rate o f organic cementation, the reaction rate usually is
enhanced when a porous predeposit is used. It is possible also that retardation o f the
organic cementation rates can occur if the predeposit is not porous.
Ultrasonic could improve organic cementation rates because it could strip the forming
deposit leaving the anodic area exposed to the reactions.
The initial organic concentration would affect the rate constant in the same way as in
the aqueous cementation. However, the initial organic concentration is limited by the
polymerization problem o f D2EHPA.
It has been demonstrated that 0 2 and N2 affect the rate o f organic cementation. When
higher concentrations o f 0 2 were used in the absence o f Pb, the rate o f Zn dissolved
increased significantly. When 0 2 was not used the rate was much lower. Higher N2
concentrations decreased drastically the rate o f zinc dissolution at the same conditions.
When Pb+2 was present, the cementation rate o f Pb was improved with the increase
o f 0 2 concentrations until a certain value. Further increase in 0 2 concentration was
deleterious and the rate decreased notoriously. It is possible that at low oxygen
concentrations the increase in zinc dissolution helps to improve the cementation rate of
lead but further increase in the 0 2 concentration would conduce to the formation o f some
oxidation products affecting the cementation rate differently. A ll o f these experiments
were done with zinc particles o f mesh size -100.
The five techniques for measuring the cementation rates may be applied in organic
cementation provided a good reference electrode.
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MORPHOLOGY
N o much work has been done to study the different variables on the morphology in
organic cementation. However, it is expected that the effects o f rotational speed,
hydrogen ion concentration, initial lead concentration, temperature, hydrodynamics, N 2
and 0 2 concentration, precoating and others w ill influence the morphology o f the lead
cemented since all o f these variables affect significantly the reaction rates. A stronger
influence on the morphology is expected when very fine particles are used in the organic
cementation since the material being deposited can easily form protrusions and a general
roughening o f the reaction surface.
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